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BIOLOGICAL CONVERSION OF ACTIVE NON-QUINONES OF 
VITAMIN K TO THE QUINONE FORM 


By DAN A. RICHERT* 


(From the Laboratory of Biological Chemistry, St. Louis University School of Medicine, 
St. Louis) 


(Received for publication, January 25, 1944) 


As soon as it was announced by McKee et al. (1) that vitamins K; and Kg, 
are quinones, Doisy and his coworkers (2) tested various compounds for 
vitamin K activity and stated (3) that, “Only 1,4-naphthoquinones and 
compounds which upon oxidation in the organism might yield 1 ,4-naphtho- 
quinones showed activity.” Such non-quinones as methyltetralones 
(4, 5) and 4-amino-2-methyl-1l-naphthol (2, 6-8) as well as such esters and 
ethers of 2-methyl-1 ,4-naphthohydroquinone as the diphosphate (6, 9-11) 
and 2-methyl-1 ,4-dimethoxynaphthalene (12) have now been shown to 
possess high vitamin K potencies. On the other hand Fieser et al. (13) 
found that compounds, which due to substituents in the 1 or 4 position 
could not give 1 ,4-quinones, are inactive. 

An investigation of the question of associating the activity of these com- 


pounds with their conversion has been extended by metabolism studies in 
which the compounds were administered to fowls and rabbits, and their 
conversion to quinone estimated by determining colorimetrically the 
amount of methylnaphthoquinone in the urine. 


Colorimetric Analysis of 2-Methyl-1 , 4-naphthoquinone 


2-Methyl-1 ,4-naphthoquinone was found to respond to the Craven (14) 
ethyl cyanoacetate test for quinones by giving a deep blue color which 
faded rapidly. It occurred to us that perhaps the color could be stabilized 
by reducing the alkalinity, thereby making it applicable to colorimetric 
measurements. It was found that at a pH of 10.5 the color is stable for at 
least 25 minutes. For example, the color was developed with 32 y of 
2-methyl-1 ,4-naphthoquinone according to the procedure described below. 
5 minutes later the transmission reading was made with a Cenco-Sheard 
spectrophotelometer and was found to be 69 per cent. 25 minutes later the 
transmission was still 69 per cent. The intense blue color exhibits maxi- 
mum light absorption in the region of 570 my (Fig. 1), and the intensity is 
proportional to the concentration of 2-methyl-1 ,4-naphthoquinone in com- 


* Present address, Department of Physical Chemistry, Harvard Medical School, 
Boston. 
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pliance with Beer’s law (Fig. 2). 8 to 10 y may be detected and measured 
satisfactorily (Figs. 2 and 3). 

Application to Alcoholic Solutions—The test for 2-methyl-1 ,4-naphtho- 
quinone in ethyl alcohol is made by treating 1 cc. of the solution with 3 
drops of ethy] cyanoacetate and 5 cc. of a sodium borate buffer of pH 10.5 
(15) in a photometer tube. Several minutes are allowed for the color to 
develop fully and the intensity is measured in a photelometer with an orange 

















Fic. 1. Absorption curve of the ethyl cyanoacetate-2-methyl-1 , 4-naphthoquinone 
color reaction. Measurements were made with a Cenco-Sheard spectrophotelometer. 
Fic. 2. Extinetion-concentration curve of the ethyl cyanoacetate-2-methyl-l , 4- 
naphthoquinone color reaction. The color was developed with 1 cc. of alcoholic 
solution of the quinone, 3 drops of ethyl cyanoacetate, and 5 cc. of 0.2 m sodium borate 
buffer, pH 10.5. Measurements were made with a Cenco-Sheard spectrophotelom- 


eter. 


filter transmitting maximally at 590 mu. Calculation is made by reference 
to a calibration curve prepared with various known concentrations of 2- 
methyl-1 ,4-naphthoquinone (Fig. 3). 

Application to Urine Analysis—We found that 2-methyl-1 ,4-naphtho- 
quinone administered to animals is excreted in the urine in a conjugated 
form which must be hydrolyzed before it responds to the color test. The 
following procedure was used in the metabolism studies. 
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A measured volume of urine was placed in a round bottom flask equipped 
with a ground glass joint. Concentrated hydrochloric acid (10 ec. of HCl 
to 100 cc. of urine) was added, the flask fitted with a condenser, and the 
urine boiled for 30 minutes and allowed to cool to room temperature. Since 
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Fic. 3. Calibration curve for 2-methyl-1,4-naphthoquinone, obtained with a 
photelometer for routine use equipped with a No. 348 filter, transmitting maximally 
at 590 mz. 


2-methyl-1,4-naphthoquinone sublimes rather easily, precautions were 
taken to rinse the bore of the condenser with small portions of ether before 
it was disconnected. The cooled urine was nearly saturated with sodium 
chloride to prevent heavy emulsions from forming when shaken with ether. 
The urine was extracted three times with 100 cc. portions of ether in the 
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separatory funnel. The extracts were combined and gently agitated for 
several hours by occasionally shaking or with a gentle stream of air passing 
through the solution. This was done to insure oxidation of any methy!- 
naphthohydroquinone which was assumed to be formed by the acid hy- 
drolysis. 

The ether solution was next extracted with an equal volume of 0.05 n 
NaOH solution, which removed most of the pigments. This was followed 
The ether phase was drained into a 


by one washing with distilled water. 
The residue was dissolved in 


distilling flask, and the ether evaporated. 
absolute alcohol and transferred by means of a pipette to a volumetric 
flask of appropriate volume in which it could be properly diluted with 
additional alcohol. 

The color was then developed in | ec. portions of the alcohol solution. 
These solutions usually still contained some ether-soluble pigments. Sev- 
eral cc. of ether were added to the tube containing the colored solution and 
the contents thoroughly shaken. All of the color due to the quinone re- 
mained in the aqueous phase, while the interfering pigments were extracted 
by the ether. The tubes were centrifuged if the solutions were turbid, and 
photelometric readings were made. The recovery of known amounts of 
2-methyl-1 ,4-naphthoquinone added to urine ranged from 80 to 90 per cent. 
Of 0.2, 0.6, 1.0, 1.3, 8.0, and 16.0 mg. of the quinone added to 100 ce. 
samples of urine, 90, 91, 90, 84, 80, and 80 per cent respectively were recov- 
ered. Decreasing the concentration of the acid or of the time for hydrolysis, 
or performing the hydrolysis in the absence of light, did not increase the 
efficiency of the recoveries. 

Metabolismm—It had been observed that when 2-methyl-1,4-naphtho- 
quinone was administered to rabbits 31 to 42 per cent of it could be recov- 
ered from the urine collected in metabolism cages over periods of 18 hours 
after treatment (Table I). The quinone was suspended in benne oil for 
intramuscular and subcutaneous injections, while oral administrations were 
made by emulsifying the quinone with oil or milk and feeding by stomach 
tube. 

It seemed probable that, if non-quinone antihemorrhagic compounds 
are converted to methylnaphthoquinone, they would be excreted in the 
same conjugated form as administered 2-methyl-1,4-naphthoquinone. 
Conversion studies of 4-amino-2-methyl-1-naphthol, 2-methyl-1-tetralone, 
2-methyl-1 ,4-dimethoxynaphthalene, and tetralithium 2-methyl-1 ,4-naph- 
thohydroquinone diphosphate in the rabbit and of 2-methyl-1-tetralone and 
2-methyl-1 ,4-dimethoxynaphthalene in the chicken' are here reported. 


! Year-old cocks were provided with an artificial anus by the surgical procedures 
described by Voltz (17). In this way large volumes of urine free from excreta were 
collected. The author wishes to express his gratitude to Dr. N. J. Wade who per- 


formed the operations. 
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The water-soluble compounds were given intravenously and the others 
were administered in oil or 30 per cent alcohol by the routes indicated in 
Table IT. 

The animals were kept in metabolism cages and the urine was collected 
in flasks containing chloroform (and 3 ce. of concentrated HCl in the di- 
phosphate experiments to prevent hydrolytic action of phosphatases on 
any diphosphate which might possibly have been excreted unchanged). 
It was found that the acid in this concentration did not hydrolyze the di- 
phosphoric acid ester. In fact, the diphosphate proved to be stable even 
to boiling for 30 minutes in 100 cc. of urine or water to which had been 
added 10 ec. of concentrated HCl. 


Taste I 
Recovery of 2-Methyl-1,4-naphthoquinone from Hydrolyzed Urine Following 
Administration of Quinone to Rabbits 

















Rabbit No. Administration Dosage | Saphytneghthogeinnns 
: aM AS GY 

meg. meg. per cent 

1 Intravenous* 5 1.6 31 

2 «“ . @ “yt tgy 33 

3 Intramuscular (oil) 20 7.5 42 

4 Subcutaneous “ 25 6.7 32 
5 Oral (milk emulsion) 40 15.7 39.3 
6 «(oil — 500 189. 37.8 
7 a e “g 500 180.0 36.0 


* Aqueous solution of a bisulfite addition product (16) of 2-methyl-1,4-naphtho- 
quinone, Abbott. 





An ether extract of hydrolyzed normal rabbit urine contains a substance 
which develops a slight bluish color with ethyl cyanoacetate, but which is 
without antihemorrhagic activity. The residue of hydrolyzed normal 
rabbit urine was dissolved in benne oil and administered orally to vitamin 
K-deficient chicks. Each of six chicks received a dose equivalent to the 
color produced by 6 y of 2-methyl-1,4-naphthoquinone. The clotting time 
(19) was not reduced to normal in any of the cases.. The urine of chickens 
contains less interfering substance. 

Adequate control values were established on urine samples collected 
before the animals were treated. An amount of material equal to that 
administered was added to these samples, and the urines hydrolyzed and 
assayed. Thus any assay value above the control represented quinone 
which had been formed through biological conversion of the administered 
compound, and not that formed by chemical conversion of any of the sub- 
stance possibly excreted unchanged. 
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Results 


Administered 4-amino-2-methyl-l-naphthol produced large quantities 
of methylnaphthoquinone in the urine. The aminonaphthol is readily 


Taste II 
Conversion of Vitamin K Active Non-Quinones to Methylnaphthoquinone 


























| - ih wn . - Minimum 
Compound Animal Administration | Dose* | naphtho- ~ | amount 
| | | quinone | convertedt 
recovered 

| mg. me. | mee | me. ood 
t-Amino-2-methyl-| Rabbit | Intravenous 6.0) 2.50 | | 2.50)41.70 
1-naphtholf mi a | 14.0) 3.52 | 3.52/25. 14 
2-Methyl-1-tetra- | Chicken | Oral (oil) 43.0| 3.00 3.00] 7.00 
love = oe ar. 75.0} 5.80 5.00) 7.75 
Rabbit Subcutaneous (oil) 21.5) 1.12 | 6.12) 1.00) 4.65 
~ Intramuscular “ 21.5) 1.17 | 0.19] 0.98) 4.55 
™ Oral (oil) 54.0} 2.52 | 0.44) 2.08) 3.70 
™ sa - 54.0} 1.81 | 0.59) 1.22) 2.26 
2-Methyl-1,4-di- | Chicken| “ “ 42.0) 0.41 | 0.09} 0.32] 0.76 
methoxynaph- | > a: Py 42.0} 0.51 | 0.21) 0.30) 0.73 
thalene " ** (30% alcohol) 51.0} 0.62 | 0.21) 0.41) 0.80 
. * (0% “ ) | 84.0) 1.65 | 0.33) 1.32) 1.57 
- Intramuscular (oil) | 84.0) 0.75 | 0.33] 0.42) 0.50 

Rabbit Oral (30% alcohol) 10.0} 0.45 | 0.70 
” co ieee ale!) 15.0) 0.42 | 0.55 

2-Methy!]-1, 4- ss | Intravenous | 6.0) 2.0 2.0 |33.3 

naphthohydro- e 7 | 13.4) 5.1 | 0.5 | 4.6 134.3 

quinone diphos- | r ¥ | 13.4, 4.1 | 0.5 | 3.6 [27.0 

phate " “a | 17.9) 5.4 10.8 4.6 |25.7 

urd ‘ / 44.7) 11.8 | {11.8 [26.5 

- 44.7) 11.9 1.3 |10.6 |23.7 








* Equivalent to 2-methy!-1,4-naphthoquinone. 

t These values are considered to represent the minimum amount converted for the 
following reasons. (a) The recovery of known amounts of 2-methyl-1,4-naphtho- 
quinone added to urine was only 80 to 90 per cent efficient. (b) According to Scudi 
and Buhs (18) 2-methyl-1,4-naphthoquinone undergoes addition reactions with and 
is adsorbed by the plasma proteins and is in part converted to phthiocol. (c) It is 
not known whether more than one conjugated product is excreted and, if so, whether 
2-methyl-1,4-naphthoquinone is completely liberated under the conditions of hy- 
drolysis that were used. 

t As the crystalline hydrochloride containing 0.5 m ethanol. 


oxidized to the quinone when allowed to stand in solution exposed to air or 
when heated with 1 n HCl for half an hour. However, there are several 
reasons for believing that the methylnaphthoquinone found in the hydro- 
lyzed urine following the administration of the aminonaphthol was not the 
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result of the hydrolytic acid treatment on the amine excreted in an un- 
changed form, but that it had undergone a change in the organism prior to 
its elimination. (a) The urine was extracted with ether before it was 
subjected to hydrolysis. This should have removed any unchanged 4- 
amino-2-methyl-l-naphthol. (b) The substance excreted in the urine was 
more stable to free quinone formation when allowed to stand in the urine 
at room temperature than was the amine when added to normal urine. 
A dose of 4-amino-2-methyl-1-naphthol, equivalent to 14 mg. of 2-methyl- 
| ,4-naphthoquinone, was administered to a rabbit by intravenous injec- 
tion. About 8 hours later the rabbit urinated. At this time an equal 
amount of the amine was added to a control sample of urine collected from 
the same rabbit just before the injection, and the two samples were allowed 
to stand at room temperature for 20 hours. Then each was extracted with 
ether. Nearly all of the 4-amino-2-methyl-l-naphthol which was added 
to the urine had been oxidized, as approximately 13 mg. of 2-methyl-1 ,4- 
naphthoquinone were found in the ether extract. However, only a small 
amount of quinone (0.4 mg.) was extracted from the urine of the treated 
rabbit. Following hydrolysis of the urines, 3.12 mg. of methylnaphtho- 
quinone were recovered from the test sample, while only 0.27 mg. was 
found in the urine to which the amine had been added directly. 

As much as 7.75 per cent of the administered tetralone was detected in 
chicken urine as methylnaphthoquinone. Conversion took place in both 
species. 

The amount of methylnaphthoquinone in the hydrolyzed rabbit urine 
following the administration of the diphosphoric acid ester approached 
the quantities recovered in the experiments with methylnaphthoquinone. 
This compound is apparently hydrolyzed in the body and excreted in the 
same labile conjugated form as 2-methyl-1 ,4-naphthoquinone. 

2-Methyl-1 ,4-dimethoxynaphthalene was converted by the chicken to 
4. very small extent. 0.50 to 1.57 per cent of the administered material 
was recovered as methylnaphthoquinone. 


SUMMARY 


Craven’s ethyl cyanoacetate color test for quinones has been applied to 
the development of a method for the determination of 2-methyl-1,4- 
naphthoquinone in the urine. It has been found that such potent 
antihemorrhagic compounds as 4-amino-2-methyl-l-naphthol, 2-methy]- 
1 ,4-naphthohydroquinone diphosphate, and 2-methy]-1-tetralone are exten- 
sively converted to methylnaphthoquinone in the organism and excreted in 
a combined form. 


The author wishes to express his gratitude to Dr. Edward A. Doisy for 
his interest and helpful suggestions toward carrying out this research. 
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Moreover, he wishes to acknowledge financial assistance from the Theelin 
Fund administered by the Committee on Grants for Research of St. Louis 


University. 
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THE EFFECT OF THE NATURE AND LEVEL OF PROTEIN AND 
AMINO ACID INTAKE UPON THE ACCUMULATION 
OF FAT IN THE LIVER 


By J. M. R. BEVERIDGE, COLIN C. LUCAS, anp MARIAN K. O’GRADY 


(From the Banting and Best Department of Medical Research,University of Toronto, 
Toronto, Canada) 


(Received for publication, February 24, 1944) 


Several groups of workers have attempted to account for the lipotropic 
action of casein and certain other proteins. In 1937 Tucker and Eckstein 
(1) discovered the lipotropic effect of methionine and suggested that the 
lipotropic action of a ration containing 30 per cent casein is “a resultant 
effect of the simultaneous opposing influences of the cystine and methionine 
of the diet.” Further studies by Tucker and Eckstein (2) led them to 
consider the possibility that other amino acids may exert the same effects as 
methionine and cystine. Subsequently they published data in support of 
their original hypothesis that the lipotropic action of casein could be com- 
pletely accounted for by its methionine and cystine contents (3,4). On the 
other hand, data published by Channon et al. (5, 6) and by Best and Ridout 
(7) have indicated that other factors are involved. As an outgrowth of 
these studies conflicting conclusions have been reached concerning the 
relative lipotropic efficiency of methionine when fed as the free amino acid 
and as a constituent of an intact dietary protein (3-5, 7). 

There are several complicating factors, such as the total caloric intake, 
the nitrogen balance, and the dietary level of the essential amino acids, 
which have not received adequate consideration in some of the experiments 
described to date. The apparent discrepancies mentioned above may have 
some simple explanation, since no group has duplicated exactly the dietary 
conditions used by another, particularly in regard to the level and nature 
of the protein in the basal diet. While considerable work has already been 
done on the effect of these two factors, there are still many gaps in our 
knowledge of this phase of the subject. The following experiments were 
designed to examine the influence of the nature and level of the dietary 
protein and of certain essential amino acids upon the lipotropic efficiency 
of methionine. 


EXPERIMENTAL 


For the experiments to be described a diet was desired which would be 
as low as possible in lipotropic factors, but which would still be capaie of 
maintaining the body weight of the rats. The suitability of gelatin as the 
basal protein was considered, since data in the literature indicate that it 

9 
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has no lipotropic influence (8). Moreover, the better grades are very low 
in methionine and cystine, if not completely free of them. It was realized 
that this deficient protein would require supplementation either by essential 
amino acids or by a complete protein. A preliminary experiment was 
therefore conducted to determine the minimal ratio of casein to gelatin (at a 
total protein level of 20 per cent) which would just maintain the body 
weight of young adult rats on a high fat diet. Twelve diets containing 0, 1, 
2, 3, 4, 5, 6, 8, 10, 12, 16, and 20 per cent casein, respectively, were pre- 
pared. All diets contained 40 per cent beef dripping, 33 per cent cane 
sugar, 5 per cent salt mixture (McCollum, No. 185 (9)), and agar 2 per cent. 
A cod liver oil concentrate (500,000 1.u. of vitamin A and 50,000 1.v. of 
vitamin D per gm.) was added at a 0.015 per cent level. All rats received 
daily subcutaneous injections of 0.5 cc. of a solution in physiological saline 
of 25 y of thiamine chloride, 20 y of riboflavin, 20 y of pyridoxine, 100 y of 
calcium pantothenate, and 100 y of nicotinic acid. Ten rats (150 to 200 
gm.) were fed on each diet for 21 days. Weight changes were recorded 
twice per week. The animals were killed by a blow on the head. The 
livers were analyzed for total fatty acids by the usual saponification pro- 
cedure, followed by acidification and extraction with petroleum ether. 
The findings presented in Table I (Experiment A) show that 8 per cent 
casein with 12 per cent gelatin sufficed to maintain body weight and that 
this quantity of casein did not reduce the liver fat. The findings were 
confirmed by a repeat experiment (performed 3 months later, in August, 
1942) on groups of ten rats under identical conditions at casein levels of 
0, 1, 2,3, 4, 5, 6,8, and 10 percent. The data presented in Table I (Experi- 
ment B) show that an 8 per cent casein + 12 per cent gelatin mixture 
practically maintains body weight. If one averages the data obtained from 
all twenty animals used at each casein level in Experiments A and B, the 
weight loss at 6 per cent casein is 6.3 per cent; at 8 per cent no loss or gain 
is noted and at 10 per cent the gain is 2.1 per cent. 

The gelatin actually used was reported to be practically free from organic 
sulfur. The colorimetric test for methionine proposed by Sullivan and 
McCarthy (10) appeared to be negative as also was the cyanide-nitro- 
prusside test for cystine, and so the gelatin was fed without further exam- 
ination.' Later it was analyzed for total and inorganic sulfur and 1.07 
and 0.86 per cent, respectively, were found. This led to the determination 


! Subsequently, after methionine was found to be present by the HI method, appli- 
cation of the colorimetric test as later described by McCarthy and Sullivan (11) 
indicated the presence of methionine. Apparently the omission of thorough shaking 
after the final step, not mentioned earlier (10), is essential for the full development of 
the color. A quantitative determination by this method gave a figure of 0.5 per cent 


methionine in gelatin. 

















- BEVERIDGE, LUCAS, AND O’GRADY 11 


of the sulfur distribution by the Kassell and Brand (12) modification of 
Baernstein’s (13) method. Methionine found by volatile iodide was 1.02 
per cent, and by thiolactone 0.84 per cent. Only 0.03 per cent cystine was 
found. Inorganic sulfur by this method was 0.88 per cent. Unfortunately, 
the presence of this not negligible amount of methionine was discovered 
only after the conclusion of the feeding experiments. However, even 20 


Taste I 
Effect on Body Weight and Liver Fat of Increasing Casein-Gelatin Ratio in High Fat 
Diet 
Ten rats (initial weight 150 to 200 gm.) in each group; duration of test, 21 days. 





Liver fat 











Experiment eines “he : ———_—_—_—— eee 

aa | ne oe, | Food ingested | As per cent liver weight | han bak of 

Range | Average average 

per cent | per cent | ary My | 

A-l 0:20 |} —19.7 | 9.1 | 35.2-25.1 28.3 1.61 
A-2 1:19 | -—20.1 | 11.0 | 82.2-18.2 | 23.7 1.44 
A3 2:18 | —16.3 | 10.4 | 35.3-22.8| 29.4 1.88 
A4 3:17. | —13.2 | 10.1 | 35.2201] 27.9 | 1.72 
AS 46 | -7.9 | 12.8 | 37.5-93.4| 30.2 | 1.87 
AS | 5:15 | -7.9 11.7 | 37.1-19.8 | 29.0 1.69 
A-7 | 6:14 | —4.7 | 10.7 | 32.9-14.3 | 26.5 | 1.35 
AS | 8:12 | +0.9 | 10.1 | 35.8-12.3 | 26.0 1.49 
AY 10:10 | +21 | 10.1 | 32.8-13.0 | 21.9 | 1.12 
A-10 | 12:3 | +48.6 9.1 | 32.2-10.2 | 18.5 | 0.82 
A-ll | 16:4 | +4.5 | 8.3 | 24.8 7.5 | a3 | 0.46 
A-12 | 20:0 +6.7 | 7.5 | 10.87.0/ 8.6 | 0.32 
B-l | 0:20 | —25.0 | 8.4 | 29.4-15.8 | 23.9 | 1.14 
B2 | 1:19 —19.2 | 9.1 | 30.6-20.8| 25.9 | 1.42 
B3 | 2:18 | —18.2 | 9.9 | 35.0-12.0 | 24.1 1.33 
B4 | 3:17 | -15.8 | 10.1 | 33.6-15.3| 24.9 | 1.43 
B-5 4:16 | -16.4 | 10.9 | 85.7-17.1| 26.1 | 1.88 
B4 5:15 | —12.6 | 11.0 34.5-21.0 | 26.9 | 1.53 
B-7 6:14 | -7.9 | 11.4 | 88.8-18.5 | 27.4 1.63 
BS | 8:12 | -0.9 | 12.0 | 35.7-22.2| 26.6 | 1.66 
B-9 1.73 


10:10 | +2.1 11.3 | 34,.2-12.7 


8 


| 
| 
| 
| 
| 





per cent of this gelatin in the diet did not produce any detectable lipotropic 
effect. 

Diet 2 (8 per cent casein + 12 per cent gelatin) in the following experi- 
ment thus contained 254 + 122 = 376 mg. of methionine per 100 gm. and 
Diet 3 (19.7 per cent gelatin + 254 mg. of methionine) contained 201 + 
254 = 455 mg. of methionine. The methionine inadvertently included in 
Diet 3 therefore resulted in an excess of 21 per cent over that present in 
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Diet 2. Although the experiments involving the assay of the lipotropic 
effect of casein on the basis of its methionine and cystine contents are 
disturbed, the effects of supplemental essential amino acids upon liver fat 
are quite clear cut despite the imbalance of the methionine contents of 
some of the diets. 

The experiment was originally designed to investigate the fundamental 
question as to whether methionine and cystine alone account for the lipo- 
tropic action of casein, and to determine whether a deficiency in essential 
amino acids affects the results. It seemed desirable to determine whether 
the effects were similar on a diet capable of maintaining body weight and 
on one permitting an appreciable weight loss. The basal diet used for the 
experiments was as follows: protein (gelatin), 20 per cent; beef dripping, 40; 
sucrose, 33; salts (McCollum, No. 185), 5; agar, 2; vitamin A and D con- 
centrate, 0.015 per cent. The B vitamins were given as described in the 
previous experiment. In the following test diets it will be noted that 
casein or amino acid supplements were added at the expense of the gelatin. 

Since we had determined that a high fat diet containing 12 per cent 
gelatin + 8 per cent casein will maintain body weight without lowering 
liver fat, it was decided to use this protein combination for the test diet of 
one group of rats. Another group of rats was given a ration containing 16 
per cent gelatin + 4 per cent casein, which permits a definite weight loss. 

Gelatin is not a complete protein, lacking, or being deficient in, the fol- 
lowing essential amino acids besides methionine: tryptophane, valine, 
isoleucine,’ and threonine.? Thus the diet of the group of rats receiving 
the gelatin supplemented with the quantity of methionine believed equiva- 
lent to that in 8 per cent casein differs from the diet of the animals on 12 
per cent gelatin + 8 per cent casein in that it lacks the essential amino 
acids mentioned above. To control any possible effect of these dietary 
essentials upon the capacity of methionine to lower liver fat, another group 
of rats was therefore fed 18.7 per cent gelatin plus appropriate quantities of 
these essential amino acids. Because of the presence of a small amount of 
cystine in casein, an equivalent quantity of this antilipotropic substance 
was also added to the diets containing free methionine. The nature of the 
protein moiety of the experimental diets is shown in Table II. 

The diets were fed to two series of rats: Series I consisted of young ani- 
mals from 110 to 160 gm. in weight; Series II were older animals weighing 
230 to 270 gm. Each diet was fed to a group of five rats, the younger ones 


? Block and Bolling (14) report 1.1 + 0.2 per cent isoleucine in a commercial grade 


of gelatin. 
* Rose (15) found by feeding experiments that gelatin was an exceedingly poor 
source of threonine. More recently Shinn and Nicolet (16) determined its threonine 


content to be only 1.5 per cent. 
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being on the diet for 28 days, the older ones for only 21 days. The results 
obtained are shown in Table II. 

It may be noted that in Series I the rats whose food contained casein 
(Diet 2) consumed a much larger amount than did the rats of the other 
groups. Because of this fact one would be led by the work of Griffith and 
Mulford (17) to expect a greater accumulation of liver fat than if the food 


Tasie II 
Effect of Essential Amino Acids upon Apparent Lipotropic Activity of Methionine 


Diet 1, basal, 20 per cent gelatin;* Diet 2,8 per cent casein (British Drug Houses, 
fat- and vitamin-free)t + 12 per cent gelatin; Diet 3, 0.25 per cent methionine + 0.034 
per cent cystine + 19.7 per cent gelatin (i.e. the amounts of these amino acids in an 
8 per cent casein diet); Diet 4, 0.25 per cent methionine + 0.034 per cent cystine + 
0.8 per cent of a mixturet of valine, threonine, and isoleucine + 0.16 per cent trypto- 
phane§ + 18.7 per cent gelatin; Diet 5, 4 per cent casein + 16 per cent gelatin; Diet 6, 
0.13 per cent methionine + 0.017 per cent cystine + 19.8 per cent gelatin (i.e. the 
amounts of these amino acids in a 4 per cent casein diet). 























Series I (rat weight, 110-160 gm.) | Series II (rat t weight, 230-270 gm.) 
Diet N yo ite | _— Liver fat Liver fat BFa4 i101 Liver fat a7 
tet NO 
ei h Food pM Eg tT: ¢ are 
chan conties | —— ‘Per cent | Per Per ¢ cent — | consumed ‘Per cent bt 
weight | wecke | | woe weight 
—————— ————E EEE ——EE oe ee SS 
| per cent daaerdee | per cent a 46a 
1 —34.0| 5.4 | 25.7 | 1.54 | -17.8| 12.3 | 27.8 | 1.28 
2 $3.3) 8.9 | 34.1 | 2.60 | +4.7 |) 13.7 | 20.3 | 0.80 
3 —2%.4 | 5.2 | 14.4 | 0.76 | —13.1| 12.3 | 16.4 | 0.68 
4 —8.3 | 6.0 32.2 | 2.23 +2.4 12.3 23.1 1.14 
5 | —§8.4 12.2 28.9 1.59 
6 -15.5 | 11.3 16.9 | 0.68 




















* This gelatin contained 1.02 per cent methionine and 0.03 per cent cystine. 

+ This sample contained 3.17 per cent methionine and 0.42 per cent cystine. 

t This mixture was obtained from a casein hydrolysate by butyl alcohol extrac- 
tion and formation of the copper salts of the monoamino acids. The water- and 
methanol-soluble fraction was freed from copper and extracted with ethanol to 
remove proline. The resulting fraction, which was used for this work, gave negative 
tests for methionine and cystine. 

§ The tryptophane was isolated from a tryptic digest of casein and gave negative 
tests for methionine and cystine. 


intake had been restricted, and this was observed. It is intended, there- 
fore, to repeat this experiment on a paired feeding basis to eliminate as far 
as possible any effect of difference in food consumption. It may be noted 
that in the case of the rats on Diet 4 the food consumption was not appre- 
ciably greater than that of the rats on Diet 3; yet the inclusion of the essen- 
tial amino acids more than doubled the liver fat. In the case of older rats 
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(Series II) the food intake on the different diets varied only slightly and 
consequently disturbing effects due to this factor are less than in Series I. 
It is interesting, therefore, that the results in Series II parallel those in 
Series I. 

A comparison of the data for Diets 2 and 3 (Series I) reveals a markedly 
greater lipotropic effect of methionine when fed as free amino acid than 
when administered in casein. It is doubtful whether the 21 per cent excess 
methionine in Diet 3 will account for the large difference. The effect is 
similar but less marked in older rats (Series II). Comparison of liver fats 
resulting from Diets 5 and 6 again shows that under these conditions free 
methionine is apparently more lipotropic than is the bound form. Further, 
the data indicate that under these conditions the results are similar whether 
the casein-fed paired group maintains body weight (compare Diets 2 and 
3) or loses weight (compare Diets 5 and 6). There is, however, a difference 
between Diets 2 and 3, other than the condition of the methionine, and in 
Diet 4 an attempt was made to control this other variable. :, 

The results obtained on Diet 4 are of particular interest. The addition 
of very small quantities of four essential amino acids lacking or deficient 
in Diet 3 (but present in Diet 2) has obliterated the superior lipotropic 
effect of free methionine over that of the amino acid as it occurs in casein. 
It is possible that the increased efficiency of metabolism in the presence of 
these essential metabolites leads to a greater demand for labile methyl 
groups, thus limiting the supply available for lipotropic purposes. Such an 
explanation is in accord with views repeatedly expressed by Griffith eé al. 
(17-19). Whatever the explanation, the data show clearly that when 
methionine, cystine, and essential amino acids present in casein but absent 
from or deficient in gelatin are given as a supplement to replace the casein 
supplement added to the basal gelatin diet the level of liver fat in rats on such 
a diet approximates that of rats fed the methionine in the form of casein. 

The above results demonstrate unequivocally that the lipotropic action 
of a protein cannot be attributed solely to the amount or ratio of methionine 
and cystine contained therein. The nutritional value of the protein un- 
doubtedly has a significant effect on its lipotropic action. Furthermore, the 
possibility cannot be dismissed that there may also be present one or more 
other amino acids which exert positive or negative lipotropic influences 
either directly or indirectly. Data recently reported by Channon, Mills, 
and Platt (6) support this possibility. 

It is apparent that in order to account for the lipotropic action of any 
protein or to get a real comparison of the relative lipotropic efficacy of free 
and bound methionine, or of any other amino acid, one would have to 
know accurately the amino acid content of the protein under study and 
prepare a control diet containing all of these in the same quantities in 
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which they occur in the protein. Few, if any, proteins have been analyzed 
with sufficient completeness and accuracy to make such a rigid test possible. 
On the other hand, attempts to approximate these conditions should give 
more accurate information than has been obtained by previous methods. 

It was felt that the experiment should be repeated with synthetic essen- 
tial amino acids in place of the crude fractions isolated from casein. This 
procedure would indicate whether the effect obtained was actually derived 
from the essential amino acids supplied in the fraction isolated from casein 
or whether some unknown constituent of the crude fraction exerted an 
influence. 

Four groups of ten rats each were given diets exactly as described for 
Series I and II with the exception that Diet 4 contained the following pure 
amino acids‘ in place of the isolated mixtures: 1.26 per cent di-valine, 0.26 
per cent d-isoleucine, 0.70 per cent di-threonine, and 0.144 per cent /-trypto- 


TaBie III 
Effect of Essential Amino Acids upon Apparent Lipotropic Activity of Methionine 
Series III (rat weight 120 to 180 gm.). The diets in this experiment are the 
same as described in Table II except that in Diet 4 synthetic amino acids replaced 
the natural mixture from casein fed in the earlier experiment. 





Liver fat 
Diet No Weight change Food consumed jw SE Ie 
Per cent liver weight |Per cent body weight 
per cent | gm. per rat per day | 
l —29.8 5.8 24.7 1.35 
2 —5.9 8.9 30.8 2.50 
3 —30.1 5.5 15.0 0.73 
4 —16.7 6.4 33.2 2.35 


/ 


phane. These quantities are approximately those believed to be contained 
in an 8 per cent casein diet. The animals were kept on the diet for 25 days. 
The findings (Table III), which are wholly in accord with those found in 
Series I and II as far as effects on liver fat are concerned, confirm the im- 
portance of the essential amino acids in a comparison of the lipotropic 
effects of different diets. 


DISCUSSION 


The results show that the nature and level of protein intake affect 
markedly the liver fat of rats on high fat diets. They reveal further that 
an important factor in this effect is probably the adequacy or otherwise of 
the essential amino acids in the diet. These findings may help to resolve 


‘Obtained from the Research Laboratories of the Eastman Kodak Company, 
Rochester, New York. 
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the apparent discrepancies between the conclusions reached by Best and 
Ridout (7) and those of the group at Ann Arbor (3, 4). 

Best and Ridout (7) showed that casein (when fed as a 30 per cent supple- 
ment to a basal diet containing 5 per cent beef muscle powder‘ as the pro- 
tein) exerted a greater lipotropic effect than was obtained with equivalent 
amounts of methionine and cystine. They found that a 16 per cent casein 
supplement, which provided approximately 49 mg. of methionine per fat 
per day, exerted about the same lipotropic effect as a 0.5 per cent methionine 
supplement which provided 47 mg. They noted, however, that at lower 
or higher intakes of the two substances the effects were by no means 
identical. 

Tucker, Treadwell, and Eckstein (3) used a basal ration containing 5 
per cent casein which was supplemented in one series with casein and in 
another with amounts of methionine and cystine equivalent to that con- 
tained in the protein supplement. They concluded that the lipotropic 
action of casein could be explained on the basis of the methionine and 
cystine contents of the diets. These workers used casein as the only pro- 
tein, and at levels of 15 and 20 per cent, a range in which Best and Ridout 
had also found approximately equivalent lipotropic effects from free and 
bound methionine. 

It has been reported (5, 7, 20, 21) that the lipotropic action of methionine 
differs from that of casein in that, although relatively small doses produce a 
significant fall in liver fat, further increases in the methionine supplement 
do not cause any further decrease in spite of the fact that 10 to 16 per cent 
(3 to 4 times the normal) fat is still present in the liver. Adequate amounts 
of casein, on the other hand, reduce the liver fat further (5 to 8 per cent). 
It appears, therefore, that methionine requires some other constituent of 
casein to exert its full lipotropic effect. In spite of these findings, Tread- 
well, Groothuis, and Eckstein (4) maintain that the lipotropic action of 
methionine as the free amino acid is superior to that of an equivalent 
amount of methionine in the form of the protein, casein. 

The data in the present paper appear to offer some explanation for the 
different results obtained in assessing the magnitude of the part played by 
methionine in accounting for the lipotropic action of casein. The data 
obtained from Diets 2 and 3 (Series I, II, and III) and Diets 5 and 6 (Series 
IT) appeared to support the views of Eckstein and his collaborators. How- 
ever, exact equivalence of methionine in the pairs of diets was not achieved ; 
the diets supplemented with free methionine contained 79 mg. per 100 gm. 
of food excess of the free amino acid. The greater lipotropic action of these 

* This beef powder contains 2.90 per cent methionine and 0.89 per cent cystine 
(3.19 and 0.97, respectively, corrected for moisture and ash) as determined by Kassell 
and Brand’s (12) modification of Baernstein’s method (13). 
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diets might therefore be accounted for by this slight excess of methionine. 
That this is not so, however, can be easily shown. In Table I, diets con- 
taining amounts of methionine equivalent to those inadvertently fed in 
Diets 3 and 6 may be found. Data for such a comparison are presented in 
Table IV. 

A comparison of data from Diet 3 of Series I, II, and III with those from 
Diet A-10, which provides about the same amount of methionine, reveals 
that the former exerts a slightly greater lipotropic effect. Whether or not 
these differences are great enough to be of significance may be questioned. 
No doubt can be entertained, however, as to the significance of the differ- 
ence between the data from Diet 6, Series II, and the data from Diets A-7 


TaB_e IV 
Effect of Dietary Methionine on Liver Fat 





Total methio- 








Source of data Protein sine im det Liver fat 
| mg. per per cent 
100 gm. | liver weight 
Diet 3, Siieaes....5..°-.: Casein + gelatin 376 34.1 
i, ct i Me 376 | 20.3 
ey)? Cum. a 376 30.8 
Jt “ithaen: CP Gelatin + methionine 455 14.4 
Oa. *. Gey cente i se 455 16.4 
we” © ead as 7 “ 455 15.0 
©  M, . s 6s4 isos ok | Casein + gelatin 462 | 18.5 
we OP A ee «+ 8 290 28.9 
Bi I Gelatin + methionine 329 16.9 
i So ee eee Casein + gelatin 333 26.5 
* - 333 27.4 


we ee ee a pat, ny 


and B-7. Here free methionine is markedly more lipotropic than an equiva- 
lent amount fed as casein. 

A consideration of the liver fat levels obtained by feeding Diet 4 of Series 
I, II, and ITI (Tables Ii and ITI) shows that any superior lipotropic efficacy 
of free over bound methionine has been completely obliterated by the 
inclusion of the essential amino acids. This effect is brought about pre- 
sumably by improving the nutritional value of the diet. 

The casein-supplemented diets used by Tucker et al. (3) and Treadwell 
et al. (4) differed from the diets supplemented with methionine + cystine 
by the amount of non-sulfur-containing amino acids in the casein supple- 
ment. Hence their diets differed as did our Diets 2 and 3 (Series I, II, 
III). The attempt to equalize the total N and essential amino acid in- 
takes (Diet 4, Series I, IT, III) threw a new light on the whole problem. 
Their casein-supplemented diets, being more nearly nutritionally complete, 
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would be expected to lead to higher liver fat levels (ef. Griffith et al. (17-19)). 
The rats on these diets ate more and gained more, as Treadwell et al. men- 
tion. They pointed out that the apparently greater lipotropic effect of 
free methionine might be explained by larger amounts of methionine re- 
quired for the synthesis of tissue protein in the casein-fed group, creating a 
decrease in the amount available for lipotropic purposes and thus leading 
to higher liver fat levels. The experimental data reported above give 
strong support to this explanation of their findings. 

It is possible that the results obtained by Best and Ridout (7) when feed- 
ing high casein diets may be explained by the fact that such diets supplied 
not only adequate amounts of growth essentials but apparently also an 
excess of methionine which in the presence of these essential metabolites 
was able to exert maximal lipotropic action. The possibility cannot be 
dismissed, however, of the presence in casein of other amino acids or com- 
binations of amino acids having lipotropic action. 

As mentioned above, the evidence available to date indicates that free 
methionine, under the experimental conditions hitherto used, has a limited 
lipotropic effect in so far as it will not lower liver fat to the same extent as 
does an adequate amount of casein. However, the lipotropic effect of free 
methionine when added to a basal diet containing sufficient of the essential 
amino acids to permit maximal growth may equal that of an equivalent 
amount of casein. Experiments along these lines, covering a wide range of 
dietary casein, are already under way in this laboratory and preliminary 
results confirm the findings reported above and also those of Best and 
Ridout (7). The discrepancy between the conclusions of the latter workers 
and those of the Ann Arbor group appears to be due to the different protein 
levels of the diets used. The conclusions reached and explanations offered 
in the present paper appear to be substantiated by these latest studies, 
details of which will be published shortly. 


The writers are deeply indebted to Professor C. H. Best for valuable 
criticism and advice during the preparation of this paper. The work was 
supported in part by a grant from the Banting Research Foundation to the 
Banting and Best Department of Medical Research. 


SUMMARY 


1. It has been shown that certain essential amino acids have a marked 
effect on the lipotropic efficacy of methionine. 

2. No significant difference was noted in the lipotropic effect exerted by 
methionine when fed as the free amino acid or in casein, provided the essen- 
tial amino acids were approximately equalized in the two diets. 
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Chemical and functional changes in the organs of the body usually are 
attributed to the tissue components. If this is a correct conception, not 
only the composition and functional capacities of all of the tissue phases 
should be known but also the quantitative measurements of the relative 
amounts of these phases. Stimulated by these possibilities, numerous 
workers in the past few years have intensively studied the partition of 
electrolytes in mammalian tissue. Results of research on muscle, liver, 
kidney, and skin of the dog having already been presented, the defining of 
values for the distribution of water, nitrogen, and electrolytes in brain was 
the aim of this project. Utilization of these data for a comparison of the 
right and left cerebral hemispheres and of the hemisphere and the cere- 
bellum also was planned. These findings would provide normal mean 
values for further investigative study of brain. 

There have been few histochemical studies on brain tissues. Tupikova 
and Gerard (1) published an abstract in 1937 on the salt content of neural 
structures; Yannet and Darrow in 1938 (2) contrasted the composition of 
skeletal muscle, liver, and brain in two groups of cats, a young group and an 
older group. Stewart-Wallace (3) in 1939 presented water and electrolyte 
data on human brain tissue obtained at autopsy. Manery and Hastings 
(4) in 1939 published data on brain from rats and rabbits. 

The present study includes analytical data on brains from twenty-two 
normal dogs apportioned as follows: five normal animals in each of which 
the right and left cerebral hemispheres were analyzed separately; five nor- 
mal animals from which portions of fresh brain and ether-extracted portions 
from the same brain were analyzed; and twelve normal dogs from which 
serum, hemispheres, and cerebellums were analyzed. 


Procedures and Methods 


The normal dogs were kept under observation in metabolism cages and 
maintained on an alternate meat and dog chow' diet for at least 3 to 4 weeks. 
When used they were in excellent physical condition. They were grown 
dogs of unknown age. 

! Globe dog chow Blox. 
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Blood was drawn under oil from the femoral artery and allowed to clot. 
The serum was used for the analyses of pH, total COs, chloride, water, 
sodium, potassium, calcium, magnesium, and total nitrogen. 

Immediately after withdrawal of blood, the brain was removed. It was 
our purpose to effect removal of the brain as soon after death as possible. 
All ecraniotomies were performed under nembutal anesthesia. In nine of 
the animals, the muscle and most of the bone were removed from the skull. 
Invariably this procedure resulted in moderate to severe loss of blood and a 
gradual drop in blood pressure over a period of about 30 minutes. Toward 
the end of the operation there was usually massive bleeding during the sub- 
occipital exposure. In this group of dogs the brain was completely re- 
moved in from 2 to 20 minutes after death. Three dogs under nembutal 
anesthesia were killed by air embolism. In these the brain was removed 
within 11 to 14 minutes after death. The brain was then wiped quickly 
with gauze to remove adherent blood. The brain stem and cerebellum 
were separated by section through the peduncles at the level of the superior 
colliculi and the cerebral hemispheres divided in the sagittal plane. 

Each hemisphere and the cerebellum were placed in glass-stoppered 
weighing bottles and allowed to come to room temperature. Each hemi- 
sphere was weighed for total mass and then finely minced with scissors. 
Weighed aliquots were used for all analyses. The procedure developed for 
weighing the aliquots of wet brain was to place and weigh a filter paper 
(4.25 em.) on a small watch-glass, then transfer a sample of wet minced 
brain to the paper from the weighing bottle with a stainless steel spatula, 
weigh again, and then drop the paper with contents into the chloride tube 
or the Kjeldahl flask. The minced tissue was weighed directly into the 
silica beakers for the sodium and potassium determinations and into the 
platinum dishes for the calcium and magnesium determinations. 

The cerebellum with the brain stem was treated exactly in the same 
manner. 

The following determinations were made on the hemispheres and cere- 
bellum: water, chloride, sodium, potassium, calcium, magnesium, and 
total nitrogen. The chemical methods for these determinations were the 
same as those previously reported (5, 6). The approximate amounts of 
the wet brain used for the different determinations were as follows: chloride 
1.3 gm., total nitrogen 0.5 gm., sodium and potassium 8 gm., and calcium 


and magnesium 10 gm. 
Results 
Regrettably, the analytical results could not be expressed on the basis of 


fat-free tissue because the organic solvents used for the extraction of the 
free fat from the tissue also extracted large (and constant) amounts of 
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other brain lipids and electrolytes. These findings are shown in Tables I 
and II and were obtained by the following procedures. The hemisphere 
and cerebellum were each placed in a large flat bottom glass-stoppered 
weighing bottle, minced with the tip of scissors, and dried to constant weight 
in a 102° oven for 48 hours. The dried tissues were first extracted with 
ether and then with low boiling petroleum ether (5). The tissues were 
dried in the oven again for an hour to remove organic solvents and weighed. 
The tissue residue was smashed to a fine powder in the special apparatus 
described in a previous work (5). Aliquots of the smashed tissue were 
then weighed on small filter papers (4.25 cm.) for the chloride and nitrogen 




















TABLE | 
Water and Electrolyte Content of Brain Expressed in Units per Kilo after Ether 
Extraction 

Rs wo fests] | a | xe | x | co | me 
gm gm. gm mM mM mM mM mM 

B; | Right hemisphere 57.2) 104.3} 18.76) 33.19) 35.36) 70.7 

| Left ee 856.1] 104.3} 18.42) 34.03) 35.20] 70.5 

Cerebellum 856.4} 120.8) 19.00) 32.70 

B. | Right hemisphere 855.4) 109.5) 18.41) 34.80) 34.86) 68.9 | 1.09 | 4.61 
| Left “ | 856.3) 109.4/ 18.69] 34.30] 34.16] 70.4 | 1.22 | 4.90 

Cerebellum 853.5) 131.7} 18.85) 30.36) 31.50) 62.7 | 

B; | Right hemisphere 857.4) 100.7) 18.22) 35.54) 35.08) 72.5 
Left Xs 857.5} 101.2] 18.32} 35.59] 36.26) 74.7 | 1.10 | 4.91 

| Cerebellum 854.0) 118.4! 18.73) 33.60) 33.76) 67.3 
B, | Right hemisphere 857.8} 118.8) 18.58) 37.60) 29.00! 66.4 | 1.02 | 5.09 
| Left “ 858.0) 118.7] 18.89] 36.26 | 0.98 | 4.52 

| Cerebellum | 854.5) 138.5) 18.79) 30.56) 30.66) 61.7 | 
B; | Right hemisphere 851.5) 106.5) 18.69) 35.33) 33.26) 69.0 | 1.07 | 4.77 
Left 851.0} 106.0) 18.88) 34.98) 33.44) 69.3 | 1.09 | 5.09 

Cerebellum 845.7) 124.8) 19.24) 33.14) 33.06 65.6 | 





analyses and placed directly in silica beakers and platinum dishes for 
the sodium and potassium and the calcium and magnesium analyses, re- 
spectively. The data so obtained are presented in Table I. 

It became apparent at once that the ether and petroleum ether were 
extracting some (constant amount) of the lipids. Whether the lipids were 
taking into solution any of the electrolytes had to be ascertained. Instead 
of analyzing the ether extracts, which is virtually impossible to do because 
of the high concentration of lipids in solution and the loss of ether by evap- 
oration, we carried out analyses on portions of the same fresh brain both 
with and without ether extraction. Table II gives the results of these 
determinations. It is clear, therefore, that after ether extraction the con- 
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centration of electrolytes in the brain tissue was changed. The organic 
solvents, ether and petroleum ether, had removed some of the brain lipids 
which carried with them large amounts of chloride, sodium, potassium, and 
magnesium and small amounts of nitrogen and calcium. These results 
are somewhat in keeping with the findings of Christensen (7) who showed 
the dissolving power of petroleum ether solutions of phospholipids from 
erythrocytes and plasma for alkali halides. 

Whether the constant amounts of electrolytes removed are the ones 
associated with myelin or whether they represent a physical phenomenon 
cannot be stated at this time. These results prove that this method is not 
satisfactory for removing only the free neutral fat from brain tissue for 
electrolyte analysis. Therefore, the amount of free fat was not deter- 
mined. Since the total water content and consequently the total tissue 


TaBLeE II 


Comparison of Concentrations of Electrolytes in Fresh Hemisphere and the Hemispheres 
after Extraction with Ether 


Dog cl Na K Ca Mg | Total N 


No 
mM mM mM mM mM gm 
SS, Hemisphere* 35.85 | 50.8 98.0 18.7 
+ (ether) ft 28.00 | 28.7 53.3 15.9 
SS; ee | 36.92 | 51.1 | 88.1 | 1.28 | 5.23 | 18.5 
" (ether) 27.82 | 30.0 | 51.0 | 1.00 | 4.27 | 15.8 
SS, r 35.70 | 51.8 | 88.6 1.05 | 5.63 | 18.5 
* (ether) 28.55 | 30.9 | 55.4 | 1.01 4.47 | 16.2 


* The units are expressed per kilo of fresh hemisphere. 
+ The units are expressed per kilo of fresh hemisphere after extraction with 


ether. 


solids of brain were found to be constant, the free fat content must be 
constant in value. Furthermore, it is well known histologically that the 
amount of free neutral fat in normal brain is low. 

Values for Right and Left Hemispheres—The results of the analyses of 
the right and left hemispheres from three of the five dogs are given in Table 
III. It will be observed that the total mass, water, nitrogen, and electro- 
lyte concentrations in the right and left hemispheres of the same anima] 
were approximately the same. This finding is not surprising, for similar 
results have been found with other right and left tissues. The analyses 
of right and left kidneys (5) or right and left testes, etc., give the same total 
mass and electrolyte concentrations. These data indicate that the right 
and left hemispheres of normal brain are alike in water, nitrogen, and elec- 
trolyte distribution and therefore it is not necessary to separate them for 
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Water and Electrolyte Content of Normal Right and Left Hemispheres of Brain 


The values are given in units per kilo. 


Total 
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Me Total N 























Dos Hemisphere weight | H,0 Cl Na K Ca 
| 
gm. gm. mu mM mM mM mM gm. 
Be Right | 6.604 | 760.5 | 36.52 48.1 | 98.2/ 0.97 | 4.98 | 20.1 
Left 5.779 | 761.0 | 36.39 | 47.7 | 101.2 | 0.92 | 5.04 | 19.4 
Bio | Right | 6.434 | 767.0 | 36.05 | 50.6 | 92.4/| 1.12 | 6.59 | 19.0 
Left 4.518 | 764.0 | 36.15 | 51.7 | 94.6| 0.93 | 6.07 | 18.3 
Bis Right | 6.997 | 763.1 | 36.47 | 51.5 | 97.5| 1.10 | 6.33 | 18.5 
Left 7.136 | 760.8 | 37.22 | 51.8 | 97.7) 1.18 | 6.43 | 18.6 
Tasie IV 
Analyses of Serum and Brain from Normal Dogs 
The values are given in units per kilo. 
Dog No. | H:O cl Na iN Ca | Mg Teal 
gm. mM mM mM mu | mM cm. 
Bs Serum 921.5 109.8 | 140.5; 4.80 | 2.73 | 0.87 | 
Hemisphere | 760.5 | 36.52 | 48.1 | 98.2 | 0.97 | 4.98 | 20.1 
Cerebellum | 748.2 | 34.56| 48.1| 95.6 | | | 20.0 
Bs Serum | 924.6 | 111.3 | 143.0} 4.61 | 2.19 | 0.88 | 
Hemisphere | 748.3 | 35.24) 47.3 | 90.1./ 1.10 | 6.00 | 19.5 
Cerebellum 731.8 | 34.54 | 50.7) 96.6 | 19.5 
Bio Serum | 920.4 | 110.8 | 146.7) 4.35 | 2.59 | 0.92 
Hemisphere | 767.0| 36.05 | 50.6| 92.4 | 1.12 | 6.59 | 19.0 
Cerebellum | 749.0 | 33.90 | 52.1 | 94.9 19.2 
Bu Serum 912.2 | 108.7 | 143.8| 4.82 | 2.43 | 0.93 | 
Hemisphere | 763.1 | 36.47/ 51.5/ 97.5 | 1.10 | 6.33 | 18.5 
Cerebellum | 743.3 35.61 | 51.9 | 94.7 18.4 
SS. Serum | 926.8 | 110.8 | 139.0, 4.57 | 2.41 | 0.94 
Hemisphere | 754.2 | 35.70| 51.8| 88.6 | 1.05 | 5.63 | 18.5 
Cerebellum | 748.3 | 1.19 | 5.22 
8S; Serum 934.4 | 112.7 | 142.7 | 4.52 | 2.36 | 0.85 | 
Hemisphere | 770.8 |” 37.70 | 51.8 | 101.8 | 1.05 | 5.62 | 18.9 
Cerebellum 747.8 | | 1.02 5.82 
Mean of 12 | Serum 923.6 | 108.8 | 141.4 | 4.66 | 2.47 | 0.95 
dogs | @ | 6.4) 4.4 | 2.8] 0.24 | 0.16 | 0.08 
| Hemisphere | 761.3 | 36.71 | 51.0) 95.6 | 1.07 | 5.63 | 18.9 
e 8.3) 1.05; 2.4) 4.7 | 0.07| 0.56) 0.3 
Cerebellum | 745.0 | 35.19, 50.8{ 92.7 | 1.07 | 5.40 | 19.1 
¢ 7.0; 0.89, 1.7] 4.0 | 0.07 | 0.30 


| 0.5 





chemical analyses, though separate analyses are useful as reciprocal 


controls. 








26 H20, N, AND ELECTROLYTES IN BRAIN 


Values for Normal Hemispheres and Cerebellums—The analytical data of 
six representative normal whole hemispheres, cerebellums, and serums 
are given in Table IV, together with the mean values with standard devia- 
tions for twelve normal brains. The water and nitrogen content and the 
electrolyte concentrations from all animals were the most constant of any 
tissues studied thus far. The standard deviations were small in all deter- 
minations of the twelve brains. 

Because the water content of both the hemispheres and the cerebellums 
was lower than the values reported by other investigators on mammalian 
brain, several determinations made by our standard method of drying the 
minced tissue for 48 hours at 102° were checked by drying the tissue for 96 
hours. The results were no different. Determinations also were made on 
weighed minced aliquots of tissue stirred with acetone to disperse the brain 
particles. The acetone was then evaporated from the mixture and the 
contents dried at 102° for 48 hours. Again the results were unchanged. 

It will be noted that in brain, as in other tissues, potassium represented 
the larger part of the univalent base and magnesium nearly all of the bi- 
valent base. The calcium value, 1.07 mm, +0.07, was higher than antic- 
ipated. In skeletal muscle and liver, the values reported were 0.82 and 
0.83 mM, respectively, and since these amounts of calcium could not be 
allocated entirely in an ionized form to the interstitial fluid it was assumed 
that the calcium was combined with the connective tissue fibers in the 
extracellular phase. In brain, the high concentration of calcium further 
indicates that all of the tissue calcium in the interstitial fluid is not ionized. 

DISCUSSION 

If the structure of all the tissues of the body were simple enough to be 
divided into two phases, extracellular and intracellular, the relative volumes 
could be calculated from the serum and tissue composition as was done for 
skeletal muscle by Hastings and Eichelberger (8). Brain, however, is a 
very complex tissue comprised of many different types of cells with varia- 
tion in structure and function and for that reason cannot be treated in the 
same manner as the simple tissue, skeletal muscle. 

That brain tissue reacts differently than the other tissues of the body has 
been demonstrated by numerous investigators. In 1937, Wallace and 
Brodie (9) showed that intravenously injected iodides, bromides, or thio- 
cyanates did not enter the spinal fluid nor the brain tissue at the same rate 
or to the same extent as they were distributed from the plasma into the 
other tissues. In 1938, Amberson ef al. (10) demonstrated in their per- 
fusion experiments that the retention of chloride in nervous tissue varied 
from other tissues. Even when plasma chlorides had been greatly reduced 
in concentration and as a consequence all tissue chlorides were reduced, 
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brain retained most of its chloride. In 1941, Manery and coworkers (11, 
12), working with injected radioactive sodium and chloride, concluded 
that the extent and rate of penetration of these isotopes into tissues indi- 
cated with few exceptions the tissues in which these ions were all extra- 
cellular. Brain was one of the exceptions. They found that neither 
radioactive sodium nor chloride entered the brain for long periods of time 
after injection. They could not decide whether this delayed entrance was 
because some of the sodium and chloride was intracellular or because theré 
was a barrier between the blood and the extracellular phase of the brain. 

In simple tissue, muscle, the total solid of the tissue represents mostly 
the protein of the tissue cells. In brain the total solids represent not only 
the protein fraction and the lipid fraction of the cells, but also the solid of 
the extracellular phase. In brain there is only about 0.3 per cent of con- 
nective tissue (blood vessels) as determined by Lowry, Gilligan, and Ka- 
tersky (13), but there is present a complicated substance, myelin. This 
contains organic solids of lipids rich in nitrogen and phosphorus and also 
the possibility of some extracellular fluid (1). If this fluid is associated 
with the myelin, the extracellular phase of brain cannot be assumed to be a 
single aqueous phase. Quantitative interpretation of the analytical data 
for brain into exact volumes of extra- and intracellular phases consequently 
cannot be made at this time. It is possible, nevertheless, to make some 
tentative conjectures. 

The concentration of ions in a tissue generally indicates the size of the 
phases in the tissue. In muscle, for example, the chloride and sodium are 
confined to the extracellular phase, and potassium to the tissue cells. In 
the complex tissue of brain the high concentrations of sodium and chloride 
would indicate a large extracellular phase and, if all were extracellular 
the calculated extracellular phase from the experimental chloride and so- 
dium would be 30 and 35 per cent, respectively. Contrariwise, if all ofthe 
sodium and chloride of brain were extracellular and existed as an ultra- 
filtrate of the serum, the ratio of sodium to chloride in this phase should 
approximate the serum value of 1.26. Instead, a ratio of 1.4 was found, 
indicating that all of the sodium and chloride in brain is not extracellular 
and that there must be some cells in which the intracellular sodium exceeds 
the intracellular chloride. This finding may be the result of the presence 
of myelin, whose definite composition is not known. It is. known histo- 
logically that the myelin sheaths surround the axones, but it has not been 
determined whether or not these myelin sheaths are associated with an 
aqueous phase having a high concentration of sodium and chloride similar 
to that of the peripheral nerves of which the majority of fibers is myelinated 
(1,10). From the evidence it is reasonable to assume that it does. 

The potassium values of 95.6 mm per kilo of hemisphere and 92.7 mm 
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per kilo of cerebellum are not different from those found in skeletal muscle 
(97.1 mm). This suggests that the intracellular phase of brain is similar 
to that of muscle if the concentration of this basic univalent ion is indicative 
of the size of the intracellular phase of a tissue. At the same time, the 
concentration of magnesium was found to be 5.5 mo per kilo, which is about 
one-half that found in skeletal muscle (9.05 mm). These discordant paral- 
lelisms make quantitative interpretation of the data unsatisfactory. 
Separation of the brain into the cerebral hemispheres and cerebellum 
showed that the cerebellum as compared with the hemispheres was lower 
in water and chloride. This denotes that the extracellular phase of the 
cerebellum is slightly lower than that of the hemispheres. Despite the 
complexity of brain tissue the data for each part of the brain are most 
constant in their consistency. These results may prove useful for further 
experimental work on brain as control data, in view of the fact that it is 
impractical to take control brain tissue from the experimental animal. 


SUMMARY 


1. Procedures are presented for water and electrolyte analyses of cerebral 
hemispheres and cerebellum. 

2. Total water, nitrogen, and electrolyte concentrations were determined 
in brain, which was removed by bilateral craniotomy from normal dogs. 
For analyses the brain was separated into the cerebral hemispheres and 
cerebellum with the brain stem. 

3. The right and left hemispheres from the same animal gave the same 
analytical results. The hemispheres gave the following mean average 
results which are expressed as units per kilo of hemisphere: total water 
761.3 gm., ¢ +8.3; chloride 36.71 mM, o +1.05; sodium 51.0 mm, « +2.4; 
potassium 95.6 mM, o +4.7; calcium 1.07 mm, o +0.07; magnesium 5.63 
mM, ¢ +0.56; and total nitrogen 18.9 gm., ¢ +0.3. The cerebellum with 
brain stem gave the following mean average results: total water 745.0 
gm., ¢ +7.0; chloride 35.19 mm, ¢ +0.89; sodium 50.8 mo, o +1.7; potas- 
sium 92.7 mm, o +4.0; calcium 1.07 mm, o +0.07; magnesium 5.40 mM, 
o +0.30; and total nitrogen 19.1 gm., ¢ +0.5. 

1. Because the analyses of the hemispheres and the cerebellum following 
extraction of the dried tissue with ether and petroleum ether gave low 
concentrations of chloride, sodium, and potassium, the analytical results 
were not expressed in terms of fat-free tissue. 

5. The analytical results are of value for further experimental work on 
brain as control data, since it is impractical to take control brain tissue 
from the experimental animal. 
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PRODUCTION OF RIBOFLAVIN DEFICIENCY WITH 
PHENAZINE ANALOGUES OF RIBOFLAVIN 
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Since it was shown recently in this laboratory (1) that the growth-in- 
hibiting properties of benzimidazole were overcome by the aminopurines, 
adenine and guanine, it was considered of interest to determine whether 
the structural change involved in passing from the purines to benzimidazole 
was one of general applicability for the production of inhibitory compounds. 
Benzimidazole is derived from purine by substitution of the 2 N atoms in 
the pyrimidine ring by C atoms. In a consideration of vitamins and 
similar metabolites to which this structural change might be applied, it 
was seen how the pyrimidine ring in riboflavin might be exchanged for a 
benzene ring to bring about an analogous change. The resulting com- 
pound would be a substituted phenazine. 

Several attempts were made to synthesize the required dihydroxy- 
dimethylribityldihydrophenazine but without success. Impure prepara- 
tions of the related unhydroxylated compound were obtained and found 
inhibitory of growth of certain bacteria. However, the effects were not 
reversed by increased amounts of riboflavin, and hence were difficult to 
interpret. 

A method for the synthesis of 2 ,4-diamino-7 ,8-dimethy!-10-ribityl-5 , 10- 
dihydrophenazine was then devised. This substance proved capable of 
producing deficiencies of riboflavin in both animals and. microorganisms. 
The synthesis was based on the methods of Kehrmann and Messinger (2) 
for the preparation of 2,4-dinitro-10-alkyldihydrophenazines. 1-Ribityl- 
amino-2-amino-4 ,5-dimethylbenzene reacted with picryl chloride to yield 
the substituted diphenylamine (I). This was converted smoothly and 
easily to 2,4-dinitro-7 ,8-dimethyl-10-ribityl-5 , 10-dihydrophenazine (II) 
which was then reduced to the desired amine (III). The structural sim- 
ilarity to riboflavin (IV) is apparent. 

The diaminophenazine caused inhibition of the growth of certain bac- 
teria, and this inhibition was removed by additional amounts of riboflavin. 
With one exception the organisms which were prevented from growing 
required riboflavin as a growth factor, and those species which were not 
affected by similar quantities of the phenazine were not stimulated in 
growth by riboflavin. However, a sufficiently large number of species and a 


* With the technical assistance of J. Backstrom and J. Clifford. 
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wide enough range of concentration of the phenazine were not used to make 
sweeping generalizations on this point. Because of the instability of the 
diaminophenazine when exposed to air, it was found advisable to use the 
dinitrophenazine and to reduce it in the culture medium by heating with 
finely divided iron. Comparative tests with two species showed that when 
the dinitrophenazine was reduced in this manner it had a similar effect to 
that of the pure diaminophenazine. The dinitrophenazine itself was not 
inhibitory of the growth of bacteria. 

The dinitrophenazine produced mild riboflavin deficiency when it was 
fed to mice. This condition was prevented by the feeding of large amounts 
of riboflavin. The deficiency usually did not prove fatal, even with con- 
siderable amounts of the phenazine, and hence was not as dramatic as in 
the case of thiamine deficiency produced by pyrithiamine (3). 

The production of riboflavin deficiency by the phenazines together with 
the observations on benzimidazole (1) makes it seem probable that if 
benzene rings are substituted for pyrimidine rings in other biologically active 
compounds it may be possible to produce drugs whose effects are in part 
traceable to the functional elimination of these biologically active com- 
pounds from certain processes. At present, the only other general method 
of producing inhibitory compounds is the substitution of sulfonic acid or 
amide groups for carboxyl groups as in the case of the sulfonamides or 
thiopanic acid (4-6). 

During the preparation of this manuscript a paper appeared (7) which 
described the production of riboflavin deficiency in several bacteria by the 
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use of 6,7-dichloro-9-ribitylisoalloxazine. This compound was the same 
as riboflavin except that the methyl groups had been replaced by Cl atoms. 
The alteration in the vitamin molecule was therefore fundamentally differ- 
ent from that produced in the present work. 


EXPERIMENTAL 


2-Ribitylamino-4 ,5-dimethylphenyl-2 , 4’ ,6’-trinitrophenylamine—2.7 gm. 
of 1-ribitylamino-2-amino-4 ,5-dimethylbenzene' and 1.4 gm. of sodium 
acetate were dissolved in 40 cc. of 50 per cent alcohol, and to the solution 
were slowly added 2.6 gm. of picryl chloride dissolved in 60 cc. of alcohol. 
After the two solutions were mixed, the brown suspension which resulted 
was shaken vigorously for an hour, and placed at 4° overnight. The 
brown crystals were filtered off and washed thoroughly with 50 per cent 
alcohol, and dried in vacuo. Yield,4.6gm. It was not possible to purify 
the substance because of the ease with which it was converted into the 
dinitrophenazine. Thus, recrystallization from alcohol yielded only the 
purple needles of the phenazine; m.p. 216-218°, with decomposition. 

2 ,4-Dinitro-?7 ,8-dimethyl-10-ribityl-5 ,10-dihydrophenazine—4.6 gm. of 
the above diphenylamine, 6 gm. of sodium acetate, and 200 ce. of alcohol 
were heated to boiling for 3 hours. The brown color of the starting material 
gradually changed to a deep bluish purple. After the reaction mixture 
had stood overnight at 4°, the crystals were filtered off and washed thor- 
oughly with alcohol, water, and alcohol. They were well formed deep 
bluish purple needles. They were purified by recrystallization from ethyl 
benzoate. Yield, 4.0 gm.; m.p. 218-220°, with decomposition. 


CipHx2OsN,. Calculated, C 52.5, H 5.1; found, C 51.5, H 5.3 


Satisfactory analyses for N were not obtained since determinations on the 
same material gave values ranging from 8 to 11 per cent. The compound 
was insoluble in water and in many organic solvents, but was relatively 
soluble in acetic acid or ethyl benzoate. It dissolved in 20 per cent HCl. 
The addition of SnCl, to the solution in 20 per cent HCl caused the color 
to change from purple to green. 

2 ,4-Diamino-7 ,8-dimethyl-10-ribityl-5 ,10-dihydrophenazine Hydrochlo- 
ride—1 gm. of the above dinitrophenazine was stirred into 25 cc. of 20 per 
cent HCl, and then 2 gm. of powdered Sn were added. Stirring was con- 
tinued for 1 hour, and then the mixture was refluxed for an hour. Tin was 
next removed by passing HS into the solution and filtering off the precip- 
itate. The yellow filtrate so obtained was concentrated under reduced 


1 We wish to thank Dr. H. M. Wuest of Hoffmann-La Roche, Inc., for generous 
gifts of this compound, and Dr. G. M. Shull of Chas. Pfizer and Company, Inc., for a 
gift of the azo derivative of this amine. 
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pressure to dryness. The residue was dissolved in the minimal amount of 
hot alcohol. The solution was filtered, and half a volume of ether was 
added to the hot filtrate. In this manner 750 mg. of yellow-brown crystals 
were obtained. These crystals became very dark when exposed to air. 


CisHosN,O,-HCl. Calculated. C 55.6, H 6.6, N 13.7 
Found. " a an” «(hee 


The compound was readily soluble in water and moderately soluble in 
cold aleohol. When the compound which had darkened from exposure to 
air was dissolved in water, the solution appeared red-brown. This color 
was reduced to yellow by a crystal of NaeSeO,. When the yellow solution 
so obtained was shaken in air, the color quickly deepened. The final color 
was more brown and less red than the original. 

Method of Bacterial Test—The riboflavin-free medium of Landy and 
Dicken (8) was used throughout this work. For Staphylococcus aureus 
and hemolytic streptococcus H69D it was diluted with an equal volume of 
water. Varying amounts of riboflavin and of the phenazine to be tested 
were added to 10 ec. portions of the medium contained in 20 mm. test-tubes. 
The tubes were sterilized by heating in an autoclave for 15 minutes at 15 
pounds pressure, cooled, and inoculated with 1 drop per tube of a suspension 
of the cells of the desired organism. The cells for the inoculum were washed 
three times and suspended in a volume of sterile buffer 50 times that of the 
original culture. The tubes were incubated at 37°, or at 30° for Strepto- 
coccus lactis R and Lactobacillus arabinosus, until maximal growth was 
observed in the control tubes which contained riboflavin as the only adden- 
dum (40 to 70 hours). The pH of the contents of each tube was then 
determined with a glass electrode. Because of the deep color of the phen- 
azines it was not possible to make comparisons of turbidity. A curve was 
constructed which related pH to the quantity of phenazine added in the 
presence of 0.03 y of riboflavin per cc., and from this curve the amount of 
phenazine required to cause half the maximal effect in the presence of this 
amount of riboflavin was determined. This value served as a basis for 
comparison of the various compounds and organisms. 

Whenever the dinitrophenazine was to be reduced in the culture media, 
finely divided iron (reduced iron) was added to the media before the tubes 
were autoclaved. The reduction apparently occurred during autoclaving. 
Approximately 4 mg. of Fe per tube were used. When the diaminophen- 
azine was sterilized by filtration and added to the tubes after they were 
autoclaved, it was found that no greater potency was observed than when 
the amine was added before autoclaving, and hence it was concluded that 
heat did not harm the compound under the conditions studied. 

Inhibition of Growth of Lactobacillus casei and Its Reversal by Riboflavin— 
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In Table I is shown the effect of various amounts of riboflavin and of the 
dinitrophenazine, the dinitrophenazine reduced in the tubes with Fe, and 
the diaminophenazine on the growth of Lactobacillus casei as measured by 
the pH of the cultures. It can be seen that the reduced dinitrophenazine 
and the diaminophenazine had potencies of the same order of magnitude for 
inhibition of growth, and that the dinitrophenazine was ineffective. Fur- 
thermore it can be seen that sufficient amounts of riboflavin completely 
abolished the effect of the phenazines. 


TABLE I 


Effect of 2,4-Dinitro-7 ,8-dimethyl-10-ribityl-5 , 10-dihydrophenazine and Its Reduction 
Products on Growth of Lactobacillus casei in Presence of Varying Amounts of 

















Riboflavin 
Riboflavin | Dinitrophenazine | a Diaminophenazine pH of culture 
y per cc. y per cc. j y per cc. | y per cc. 

0.0 0 | 0 0 6.9 
0.03 0 0 0 | 4.0 
100.0 0 0 0 4.0 
0.03 0 1000 0 7.1 
0.03 | 0 200 0 7.0 
0.03 0 100 0 6.2 
0.03 | 0 60 0 5.0 
0.03 0 50 0 4.4 
0.15 0 100 0 4.1 
100.0 0 200 0 4.3 
0.03 1000 0 0 4.1 
0.03 0 0 400 7.1 
0.03 | 0 0 100 5.4 
0.03 0 0 50 4.3 
4.3 


100.0 0 0 300 





Effect of Phenazines on Other Bacteria—In Table II are shown the amounts 
of the various preparations required for half maximal inhibition of growth 
of various bacterial species in the presence of 0.03 y of riboflavin per cc. 
In each of the cases in which inhibition of growth occurred, the effect was 
abolished by additional amounts of riboflavin. The requirement of the 
various species for riboflavin as a growth factor is also listed, and it can 
be seen that with the exception of Lactobacillus arabinosus, only those which 
required riboflavin were affected by the phenazines. 

Production of Riboflavin Deficiency of Mice with Dinitrophenazine— 
Weanling mice (9 to 11 gm.) were caged individually on screen floors and 
fed a ration composed of sucrose 75 gm., casein (Labco) 18 gm., salts (9) 
5 gm., fortified corn oil (10) 1 gm., thiamine 0.2 mg., pyridoxine 0.2 mg., 
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calcium pantothenate 2 mg., nicotinic acid 10 mg., choline 100 mg., and 
inositol 100 mg. This diet, plus riboflavin, has been shown to be adequate 
for mice (11). The basal control animals received the ration plus ribo- 
flavin. The test mice were fed this basal ration supplemented with varying 


TasBe II 
Relative Effectiveness of 2,4-Dinitro-7 ,8-dimethyl-10-ribityl-5 , 10-dihydrophenazine, 
Its Reduction Product Obtained with Reduced Iron, and Corresponding 
Pure Diaminophenazine in Inhibition of Growth of Various Bacteria 














Amount required for one-half maximal 
inhibition 
nay Dinitopbens- | gatttnitne oer] | 
— zine azine | 
y per cc. y per cc. ¥y per ce 
Lactobacillus casei. ... wee eeee-| No effect 80 110 | Required 
with 1000 
Hemolytic streptococcus H69D... 330 
Lactobacillus arabinosus No effect 330 160 | Not required 
with 1000 
Staphylococcus aureus No effect 
with 1000 | 
Streptococcus lactis R.... Be a 


Escherichia coli 


TaBie III 


Effect of 2, 4-Dinitro-7 ,8-dimethyl-10-ribityl-65 , 10-dihydrophenazine and Corresponding 
Diaminophenazine on Growth and Survival of Mice 








Riboflavin ser “eet eee ~ toed No. of mice No. of deaths Average gain 
mt e300 om | me 100 | mg per day | | mae 
0.08 0 0 7 0 2.3 
0.10 0 0 9 0 3.3 & 

100.0 0 0 3 0 3.5 

0.08 100 0 3 0 1.6 

0.10 200 0 8 l 2.8 
5.0 200 0 6 0 2.7 
100.0 200 0 9 0 4,2 ) 
0 1.0 3 0 2.1 





amounts of the dinitrophenazine, and others received the basal ration plus 
the dinitrophenazine and increased riboflavin. Finally, some mice re- 
ceived the basal ration and in addition a solution of the diaminophenazine 
administered orally once daily. The results are summarized in Table LIL. 
It can be seen that the animals which received the dinitrophenazine grew 
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at a reduced rate, while those which had the dinitrophenazine and the addi- 
tional riboflavin in sufficient amounts grew normally. It is to be noted 
that large amounts of riboflavin were required to nullify the effect of the 
dinitrophenazine. The dinitrophenazine underwent some change in the 
body, because the urine of the mice which received it was green. The color 
was presumably due to a reduction product of the phenazine. 

Signs of riboflavin deficiency other than reduced rate of growth consist 
of a greasy, unkempt fur, and hyperirritability. The mice which received 
the dinitrophenazine were distinctly unkempt, and some of them were very 
hyperirritable as compared to the controls. However, only an occasional 
animal died, and the signs were not as severe as those seen in acute defi- 
ciencies. Sufficient amounts of riboflavin prevented the appearance of 
signs of the deficiency. 


SUMMARY 


A structural analogue of riboflavin, 2,4-diamino-7 ,8-dimethyl-10-rib- 
ityl-5 , 10-dihydrophenazine, has been synthesized by a series of reactions 
and shown to produce riboflavin deficiency in bacteria, and the dinitro- 
phenazine from which it was derived has been shown to produce mild 
riboflavin deficiency in mice. The effects of the compounds were over- 
come by sufficient amounts of riboflavin. 
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In 1917 Myers and Killian (1) described a method of estimating the 
diastatic activity of blood in which soluble starch was incubated with 
oxalated whole blood and the reducing sugar formed determined with the 
modification of the Lewis-Benedict picric acid technique described by Myers 
and Bailey (2). 

Somogyi has criticized this method in a publication in this Journal (3). 
He stated: 


Ctr 


Che trouble in these methods consists in the lack of standardization of impor- 
tant factors such as hydrogen ion concentration and electrolyte content, which are 
known seriously to influence diastatic activity. Even the fundamental requirement 
of establishing proper relationships between enzyme activity and the amount of 
substrate is disregarded in some instances. Myers and Killian for example employ 
with 2 ec. of plasma 10 mg. of starch, a quantity which is far from sufficient. As 
Sherman and his associates have shown as early as 1910, a proportionality between 
enzyme activity and copper-reducing power prevails only when a very small fraction, 
no more than 5 to 6 per cent of the starch, is converted into reducing sugars (expressed 
as maltose). Myers observed with his method conversions up to 40 and 60 per cent, 
expressed as glucose, which in terms of maltose equals 60 to 90 per cent. These are 
excessively high values in view of the fact that 80 to 85 per cent is regarded as the 
upper limit of diastatic starch conversion (Grenzdezirin). Under such conditions 
no quantitative relationship can exist between reducing power and enzyme activity, 
and the results obtained are erroneous. The inadequacy of 10 mg. of starch as sub- 
strate is even more obvious in abnormal cases (acute pancreatitis) in which 2 cc. 
of human blood plasma are capable of producing as much as 50 mg. of reducing sugars 
(‘maltose’) in 15 minutes.”’ 


Somogyi (4, 5) has repeated these criticisms without presenting any 
experimental data to support them, and has not referred to a paper by 
Myers and Reid (6) in which some of these points were fully discussed. 
It will be evident from the discussion which follows that Somogyi’s criti- 
cisms are erroneous, and further that Somogyi’s own digestion mixture 
(3) suffers from the serious deficiency of being essentially unbuffered. 

A satisfactory method for the determination of the diastatic activity of 
blood should be based on criteria that satisfy the following questions: 
(1) Should whole blood or serum (or plasma) be used? (2) What is the 
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best substrate? (3) What is the optimum concentration of substrate? 
(4) What is the optimum pH range, and how can this be maintained? (5) 
What is the optimum NaCl concentration in the digestion mixture? (6) At 
what temperature and how long should the incubation be carried out? 
(7) How can the enzyme action best be stopped and the blood proteins 
precipitated? (8) How may the reducing sugar formed by the enzyme 
action best be determined? (9) Do the conditions selected give a linear 
relationship over the range of values usually encountered? (10) Are the 
values reported intelligible to one unfamiliar with the method employed? 

These questions will be discussed and answered briefly with special refer- 
ence to the Myers-Killian method and a modification of this method which 
is presented in the present report. 


Observations and Discussion 

Use of Whole Blood, Serum, or Plasma—aAt the time the Myers-Killian 
method was described it was customary to carry out all blood analyses on 
oxalated whole blood whenever possible. Recent studies of the distribu- 
tion of diastase between cells and plasma by Margaret Read! in this labo- 
ratory and by Bernard and Rosen (7) have indicated that the diastase of 
whole blood is contained almost entirely in the plasma. Read has shown 
that the diastase of whole blood is approximately 60 per cent of that of 
serum or plasma. It would thus seem best to employ serum or plasma for 
the determination. The principal advantage in using serum is that varia- 
tions in cell volume, and hence in the amount of plasma in a given volume 
of whole blood, are eliminated. We have studied cases of severe anemia 
and noted that whereas whole blood diastase appears to be somewhat 
elevated the values obtained with serum are quite normal. However, it 
should be emphasized that measurements on whole blood are quite ade- 
quate for most purposes and that diastase values on whole blood when 
compared with normal figures on whole blood reflect increases or decreases 
in diastase. 

Selection of Substrate—If blood diastase does play any rdéle in carbohy- 
drate metabolism, the substrate involved is most likely glycogen; so that 
an ideal substrate for blood diastase determinations would be glycogen. 
However, since essentially the same results are obtained with soluble 
starch (1), it can be satisfactorily employed instead of glycogen. At the 
present time we employ Lintner’s soluble starch (Merck) which is a readily 
available preparation. We have made several studies with both blood 
diastase and with duodenal contents (8), which indicate that different 
lots of this starch give comparable values and that the results agree with 
those obtained with Small’s (9) soluble starch which we have employed in 
many of our studies (6, 10). 


' Read, M. R., unpublished observations. 
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Concentration of Substrate—In any enzyme measurement it is essential 
to provide an adequate excess of substrate, such that in the period of 
reaction the equilibrium is not attained. This point has recently been 
discussed by the authors (11). One of Somogyi’s (3) principal criticisms 
of the Myers-Killian method is that an inadequacy of substrate is provided. 
A paper of Sherman, Kendall, and Clark (12) is cited by Somogyi in which 
he states that these authors consider that a proportionality between enzyme 
activity and copper-reducing power prevails only when no more than 5 or 
6 per cent of the starch is converted into maltose. Careful study of the 
paper by Sherman e¢ al. reveals that no such statement was made and 
furthermore there are no data presented by them to indicate how far the 
proportionality exists. On the other hand Myers and Reid (6) presented 
data (their Fig. 2) which indicated that the amount of reducing sugar 
was proportional to the enzyme concentration over a range of values which 
encompasses essentially all the figures which have ever been reported from 
the senior author’s laboratory. We are well aware of the fact that when 
high values are encountered a reduced amount of blood must be used in the 
enzyme measurement in order for the values to have any significance. It 
so happens that in none of our studies did we encounter patients with 
pancreatic disease showing markedly elevated diastase values (13). Data 
were presented on two cases of carcinoma of the head of the pancreas in 
our first paper (1) and shortly thereafter determinations were made on 
four additional cases of carcinoma of the pancreas and three cases of pan- 
creatitis, the highest reduction found being 4.8 mg., all the determinations 
being well inside the linear relationships of the method. We have carried 
out investigations of blood diastase in dogs and in all of these studies only 
0.2 ce. of blood was used (6), since the amount of diastase in dog blood is 
very much greater than that in human blood. At the present time the prin- 
cipal clinical usefulness of determinations of blood or serum diastase 
appears to be in the diagnosis and prognosis of aeute pancreatitis (11, 14). 
Since one expects to find markedly elevated figures for blood or serum 
diastase in this condition, we feel that in the revised method which we are 
describing in this paper 50 mg. of substrate are to be preferred to 10 mg. 
However, it is equally accurate to employ 10 mg. of substrate and to re- 
peat with decreased amounts of serum those determinations in which more 
than 5 mg. of starch are converted to reducing sugar. 

Optimum pH—The optimum pH for blood or serum diastase will vary 
slightly depending on the environment in which the diastase functions. 
In general the zone of optimum pH is in the range of 6.8 to 7.6. In the 
original Myers-Killian method (1) no buffer was employed, since it was 
felt that the blood itself should afford a good buffering effect to the diges- 
tion mixture. Recently we have reinvestigated this point by comparing 
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the diastatic activity of blood as measured in the Myers-Killian method 
with the diastatic activity of the same blood when buffered at various pH 
values from 5.4 to 8.4 with phosphate buffer. The results of such studies 
show that at the outer limits the amylolytic activity is greatly decreased, 
whereas in the range around pH 6.8 to 7.6 good digestion occurs. Fur- 
thermore the activity of unbuffered whole blood shows as great an amylo- 
lytic activity as any of the buffered samples. However, if one uses 1 ce. 
of serum rather than 2 ec. of whole blood in the digestion mixture, the pH 
of the mixture increases to above 8.0 and in this instance the unbuffered 
serum mixture does not give nearly as good an activity as serum buffered 
at pH 7.2. In their studies on pancreatic amylase Sherman, Caldwell, 
and Adams (15) found that the optimum pH was close to 7.2, and Free 
and Myers (8) made the same observation on duodenal contents. 3 cc. of 
0.2 m phosphate buffer of pH 7.2 stabilize the pH at 7.2 and the di- 
gestion mixture is buffered against either acid or alkali. On the other 
hand the buffer used by Somogyi (3) contains 3 cc. of 0.1 N HCl and 10 
gm. of NaCl in 1 liter and 2 ce. of such a solution are used in his di- 
gestion mixture. It would appear that the amount of HCI present in the 
digestion mixture would have little if any effect in compensating for any 
loss in CO: from the plasma or serum. Experimental measurements with a 
glass electrode indicated that Somogyi’s digestion mixture had approxi- 
mately the same pH whether or not the HCl-NaCl mixture was present, 
namely, pH values of 8.0 to 8.3, pH figures which in our hands may reduce 
the diastatic activity as much as 50 per cent. Furthermore the mere 
passage of alveolar air (supplying CO.) through Somogyi’s digestion mix- 
ture caused changes in pH to values of 7.1 to 7.4, whereas in our phosphate 
buffer-digestion mixture alveolar air caused no change in pH. It is evi- 
dent, therefore, that when serum (or plasma) is used it must be buffered to 
secure a uniform and maximum diastatic activity. 

Sodium Chloride Concentration in Digestion Mixture—Below a certain 
concentration of sodium chloride in the digestion mixture the extent of 
amylolysis is related to the amount of sodium chloride present. Myers 
and Free (11) showed for pancreatic amylase in duodenal contents that if 
the NaCl concentration in the digestion mixture was less than 0.012 mM 
the activity of the amylase was seriously affected. In the Myers and 
Killian method the amount of whole blood used was 2.0 ec., which can be 
expected to contribute enough chloride to give an average concentration 
of 0.018 m. On the other hand in a digestion mixture of 10 ec. in which 
there is only 1 ce. of serum the molarity of NaCl is around 0.010, which is 
below the critical level. Therefore it would appear desirable to add sodium 
chloride to digestion mixtures of 10 ce. volume when only | ec. of serum is 
used, but in mixtures of 10 ec. in which 2 ec. of whole blood were present 








-_ | all - ee ee ee 


cr wa = ed 





MYERS, FREE, AND ROSINSKI 43 


the addition of NaCl would be unnecessary. We have experimentally 
established that the addition of NaCl to diastase digestion mixtures such 
as are employed in the Myers and Killian method does not increase the 
enzyme activity, whereas addition of NaCl to serum digestion mixtures in 
which the molarity is only 0.01 M causes a real increase in activity of the 
enzyme. 

Time and Temperature of Incubation—The time of digestion and tem- 
perature employed in determinations of blood or serum diastase appear to 
be quite arbitrary. In the Myers-Killian method a 15 minute digestion 
period was employed, with 40° as the temperature. It would appear that 
an interval of 15 minutes for digestion is still quite satisfactory. 40° has 
been extensively used as the temperature of incubation and since all normal 
and abnormal values from this laboratory are defined on this basis it seems 
desirable to continue 40° as the temperature of incubation. 

Termination of Enzyme Action and Precipitation of Protein—-To deter- 
mine enzyme activity accurately it is necessary to have some method of 
effectively stopping the action of the enzyme at the end of a designated 
interval. Picric acid, which was employed by Myers and Killian (1), 
is an ideal substance for this purpose, since it requires only a few seconds 
to saturate a solution with dry picric acid and in such a saturated solution 
of picric acid, diastatic (or amylolytic) activity is completely inhibited. 
Furthermore the picric acid effectively precipitates all of the proteins of 
blood or serum, so that the filtrate can be employed directly for the sugar 
determination. Such a filtrate is quite stable and may be set aside, if 
desirable, and the sugar determinations carried out at one’s convenience. 
Somogyi (3) has indicated that his copper-tungstate precipitation of the 
protein does not fully stop diastase action and that these operations must 
be carried out without undue delay. 

Determination of Reducing Sugar in Diastase Digests—The principal 
end-product of starch digestion with diastase is maltose or some product 
that is readily converted to maltose by the common procedures employed 
in its determination. In the Myers-Killian method, picric acid reduction 
was employed in the estimation of the amount of maltose formed as a 
result of amylolysis. It is realized that there are those who object to the 
use of picric acid as an oxidizing agent in the determination of sugars, but 
their objections appear to be founded on prejudices rather than facts. It 
has clearly been shown by a number of investigators, including Pucher 
and Finch (16) and Myers and Reid (6), that the copper methods such as 
those of Folin and Wu and Shaffer and Hartmann give only about half 
as much reduction with maltose as does the picric acid method, whereas 
the Hagedorn-Jensen ferricyanide method gives only slightly lower figures 
than the picric acid method. Apparently maltose is fairly completely 
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hydrolyzed with the picric acid and ferricyanide methods but not with the 
copper methods. Maltose gives approximately 85 to 90 per cent as much 
reduction of picric acid as does an equal amount of glucose, whereas the 
copper methods give only approximately 40 to 50 per cent as much re- 
duction with maltose as with glucose. The statement by Somogyi (3) 
that 40 to 60 per cent reduction expressed as glucose equals 60 to 90 per 
cent maltose may be true with his copper method but certainly is not true 
when picric acid is employed to measure the reduction. Somogyi (5) has 
further indicated his lack of information regarding the nature of the reac- 
tion between picric acid and maltose by stating that Myers and Killian 
have reported results “... which indicated a yield of reducing sugars, 
computed as maltose, greater than could possibly be obtained if all of 
the available starch had been split into maltose.” 

Relation of Enzyme Concentration to Amount of Amylolysis—Myers and 
Reid (6) have shown that the Myers and Killian method of determining 
blood diastase gives a proportionality between the amount of enzyme and 
the amount of reducing sugar formed. Somogyi (3) has not produced any 
data showing a proportionality between enzyme concentration and amount 
of reducing sugar formed in his method. 

To secure added information on this point determinations of diastatic 
activity were carried out on the serum of thirty-four normal human sub- 
jects with the modified picric acid method described below, except that the 
original 10 mg. of soluble starch substrate were employed. Simultaneous 
determinations were also made with the Somogyi method. In each of the 
methods 1 ec. of serum was employed to suppy the diastase, but despite 
the fact that the incubation period with the picric acid method was only 
half as long as with the Somogyi method, the average amount of reducing 
sugar determined with the picric acid method was 35 per cent greater 
than that obtained with the copper method (average 1.42 mg. in compari- 
son with 1.05 mg.). If one eliminates one case in which high values were 
obtained with both methods, the range of values for the two methods cal- 
culated in mg. per 1.0 ce. of serum used was 0.70 to 2.17 by the picric 
acid method and 0.45 to 1.64 by the Somogyi procedure, thus giving means 
which are the same as the averages given above. It is apparent therefore 
that 10 mg. of soluble starch are an entirely adequate substrate for 1 ce. 
of normal human serum. 

Fig. 1 shows the relation between concentration of serum diastase and 
reducing sugar formed in the modified method presented in this paper. 
It will be seen that up to 15 mg. the amount of reducing sugar is strictly 
proportional to the enzyme concentration. It is only very rarely that one 
would encounter activities above this in acute pancreatitis. 

Method of Expressing Results—Most enzyme methods record the enzyme 
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activities in some kind of units. Myers and Killian originally took as the 
diastatic activity the percentage of 10 mg. of soluble starch converted to 
reducing sugar by 2 ce. of whole blood. Somogyi has taken the mg. of sugar 
formed by 100 ce. of blood plasma. Observations on the method described 
in this paper indicate that with 1 cc. of serum the values obtained are essen- 
tially the same as those obtained with 2 cc. of whole blood in the Myers- 
Killian method and for practical purposes may be considered comparable. 
Since at the present time a variety of methods are employed and each 
method has its own unit, it is quite difficult to compare results obtained 
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SERUM DIASTASE CONCENTRATION 
Fic. 1. Relation of enzyme concentration to enzyme activity. Variations in 
enzyme concentration were obtained by mixing varying ratios of human serum and 
dog serum. 1 cc. of serum was used in all cases. The abscissa represents the ap- 


proximate relative amount of enzyme that would be contained in 1, 2, 3, etc., ec. of 
normal human serum. 


by different investigators. For this reason and in order to facilitate clin- 
ical interpretation, Myers and Free (11) have suggested a method whereby 
the normal average enzyme activity is expressed as 100 per cent. With 
conditions adjusted to furnish a linear relationship it is very simple to 
express the enzyme activity in terms of 100 taken as the normal by multi- 
plying the value obtained by a factor. On 57 normal human subjects the 
average diastase reduction observed for 1 ec. of serum by the method de- 
scribed below was 1.82 mg. By multiplying this value by the factor 55 one 
obtains 100 per cent as the normal average result. Multiplying any other 
diastase value, expressed in mg. of reducing sugar per cc. of serum by this 
same factor 55, will give the value as a percentage of the normal average. 
Thus if a patient has a serum diastase that produces 3.95 mg. of reducing 
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sugar per cc. of serum under the conditions of the method, then 3.95 55 
= 217 per cent, or the level of diastase is 217 per cent of the normal aver- 
age. We believe that from the standpoint of the clinician this is the sim- 
plest way of expressing activities. 


Method 


Reagents— 

1 per cent soluble starch solution, prepared by suspending exactly 1 gm. 
of soluble starch (Merck, according to Lintner) in 5 cc. of cold water in a 
150 ec. beaker and then adding about 90 cc. of boiling water. The starch 
should dissolve and the solution is then boiled for exactly 1 minute, after 
which it is made up to 100 cc. in a volumetric flask. This solution should 
be refrigerated if it is to be used for more than 1 day. With refrigeration 
the solution can be used about 2 weeks. However, after 2 or 3 days the 
starch becomes cloudy and in this case the flask containing the starch 
should be heated for a few seconds in a boiling water bath until the solution 
becomes clear. 

0.2 m phosphate buffer of pH 7.2, prepared by dissolving 7.62 gm. of 
anhydrous potassium dihydrogen phosphate and 20.45 gm. of disodium 
hydrogen phosphate in water to give a total volume of | liter. 

0.5 m sodium chloride solution. 

Dry picric acid of reagent quality. 

Standard glucose solution, prepared by dissolving 200 mg. of pure glu- 
cose in | liter of saturated picric acid solution, thus giving 0.6 mg. of glucose 
per 3 cc. of the standard. 

Saturated sodium carbonate solution. 

Procedure—5 cc. quantities of soluble starch are pipetted into two 20 X 150 
mm. test-tubes and to both tubes are added 3 cc. of 0.2 m phosphate buffer 
of pH 7.2. 1 ec. of 0.5 Mm NaCl solution is added to each of the tubes and 
the tubes then placed in a constant ten.perature water bath maintained at 
10°. One of the tubes serves as a blank (Tube B) and the other tube (A) 
is the one in which amylolysis is allowed to take place. After the tubes 
have reached the temperature of the bath, 1 ce. of serum is added to Tube A 
and digestion allowed to proceed for exactly 15 minutes, after which time 
about 0.5 gm. of dry solid picric acid is added and the tube thoroughly 
agitated in order to insure saturation of the solution with picric acid. An 
equivalent amount of dry picric acid is added to Tube B and after satura- 
tion 1 cc. of serum is added, and the tube again agitated. The addition 
of the serum after saturation with picric acid prevents any amylolysis in the 
blank tube. 

Both tubes are filtered and 3 cc. of filtrate from each are measured into 
Myers-Bailey sugar tubes along with 1 cc. of saturated sodium carbonate. 
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3 cc. of the standard glucose solution are measured into a third Myers- 
Bailey tube along with 1 ce. of saturated sodium carbonate. The tubes 
are all boiled in a water bath for 20 minutes, after which they are cooled, 
diluted to 20cc.,and read in a photoelectric colorimeter with a filter having 
a transmission maximum of 520 my. A visual colorimeter can readily be 
used but in this case it is desirable to dilute the standard to 10 ec. rather 
than 20 cc. and to dilute the digest and blank so that their color is of the 
same order of magnitude as that of the standard. 

In order to calculate the amount of reducing sugar produced by 1 ce. of 
serum the following formula can be used, 


‘ or xX 0.6 X 3 = mg. of reducing sugar formed by 1 cc. serum 

In this formula FR is the color density of the unknown, S is the color density 
of the standard, D is the dilution of the unknown, and SD is thedilution 
of the standard. ‘This calculation is also used for the blank and the value 
obtained is subtracted from the value obtained for the digest. The rela- 
tion to the normal activity in terms of 100 may be obtained by multiplying 
by the factor 55. 


SUMMARY 


The blood diastase (amylase) method of Myers and Killian, which was 
designed for whole blood, has been modified for use with serum or plasma 
and provides optimum sodium chloride, buffer (pH), and substrate concen- 
trations. With this method it is possible to determine accurately serum 
or plasma diastase over the range found in normals as well as to measure 
accurately subnormal concentrations and the very high values sometimes 
encountered in acute pancreatitis. 

The advantages of employing picric acid rather than copper as an oxidiz- 
ing reagent in the practical determination of the sugar formed by amylolysis 
in blood have again been discussed. With picric acid the reduction in 
terms of glucose is more than twice as great as with copper for the apparent 
reason that maltose is hydrolyzed and the figures thus obtained give a bet- 
ter percentage index of the amount of the starch digestion. Furthermore 
a simple single reagent is employed which serves not only to determine the 
sugar formed, but also to stop the amylolysis and precipitate the proteins. 
An added advantage is that the color formed (sodium picramate) is stable 
and may be read at one’s leisure. 

From a technical standpoint the method is extremely simple and requires 
a minimum of reagents, technical skill, and time, but provides an accuracy 
which exceeds that obtained by most other currently employed methods. 
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THE OPTICAL ACTIVITY OF THE COPPER COMPLEXES OF 
POLYSACCHARIDES AND SUBSTITUTED 
METHYL GLUCOSIDES 


By RICHARD E. REEVES 


(From the Southern Regional Research Laboratory,* New Orleans) 
(Received for publication, February 29, 1944) 


When cellulose, soluble starch, and glycogen are dissolved in cupram- 
monium hydroxide solution, copper-carbohydrate complexes are formed 
which exhibit high levo optical rotation. There are, however, glucopyrano- 
side polysaccharides which do not show this behavior. Laminarin, a poly- 
saccharide isolated from the seaweed Laminaria digitata, gives a low 
dextrorotation. The dextran produced by Leuconostoc dextranicum shows 
a dextrorotation in water, but a small levorotation in cuprammonium 
hydroxide solution. The polysaccharide recently isolated by McelIntire, 
Peterson, and Riker (1) from Phytomonas tumefaciens gives a slight levo- 
rotation in water, but a high dextrorotation in cuprammonium hydroxide 
solution. 

The first three polysaccharides mentioned are largely composed of 
pyranoside units linked through the 4 position. Laminarin has been 
shown by Barry (2) to involve linkage of glycopyranoside units through 
the 3 position. The Leuconostoc dextran has been shown by Peat, Schliich- 
terer, and Stacey (3) and by Fairhead, Hunter; and Hibbert (4) to be 
composed of glucopyranose units approximately 90 per cent of which are 
linked through the 6 position. The linkage in the Phytomonas polysac- 
charide has not yet been established by chemical methods; however, it will 
be shown that the optical behavior of this polysaccharide in water and 
cuprammonium solution prompts a prediction that it is composed chiefly 
of glucose units linked through the 2 position. 

Methyl] 4-methylglucoside has free hydroxyl groups arranged in the same 
spatial configuration as cellulose and the 4-linked units of starch and 
glycogen. It has already been observed (5) that the optical activity of 
methyl 4-methyl-6-glucoside resembles that of cellulose. It has also been 
shown that the remarkable levo shift in rotation in cuprammonium solution 
is not influenced by substitution in the 6 position, but requires that positions 
2and 3 be unsubstituted. It isin agreement with the speculations of earlier 
workers (6) to conclude that the 4-linked polysaccharides resemble the 


* This is one of four regional research laboratories operated by the Bureau of 
Agricultural and Industrial Chemistry, Agricultural Research Administration, 
United States Department of Agriculture. 
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substituted glucosides by forming copper complexes involving hydroxyl 
groups in positions 2 and 3 of the glucopyranoside units. 

The §-methylglucosides of 2-, 3-, and 6-methylglucose were prepared in 
order to examine their optical behavior in water and cuprammonium 
hydroxide solutions. These results together with those obtained with the 
{-methyl compound are given in Table I. When the optical rotation in 
water was compared with that in cuprammonium solution, it was found 
that the latter caused little change in the rotation of the 3-methyl com- 
pound, a moderately large dextro shift in the 6-methyl compound, while in 
the 2-methyl compound a large dextro shift approximately equal in magni- 
tude to the levo shift of the methyl 4-methylglucoside was produced. 

In Table II are given the optical rotations of a number of polysaccharides 
in aqueous and cuprammonium hydroxide solution. The specific rotations 


TABLE | 


Optical Rotation of Glucosides in Water and Cuprammonium Hydrozide Solution 








Optical rotation 

Substance ent (oe 

+ 926 men 198 

1436 [M 436 

degrees degrees 
Methyl! 2-methy1-8-glucoside Cupra +985 | +204,900 
Water | —65 | —14,400 
“ — 3-methy!1-8-glucoside | Cupra | — 86 — 17,900 
| Water —46 | —9,600 
” 4-methy1-8-glucoside | Cupra — 1008 — 209 , 700 
| Water — 36 —7,500 
os 6-methyl-8-glucoside | Cupra +161 +-33 , 500 
Water —48 —10,000 


are multiplied by the weight of each glucosidic unit to give a value which 
may be compared with the molecular rotation of the substituted glucosides. 
Since it is impossible to dissolve native cellulose in water, a degraded cellu- 
lose was dissolved in an aqueous solution of trimethylbenzylammonium 
hydroxide (triton B). Cellulose of high viscosity was employed for the 
cuprammonium solution. Although starch was reported by Schweizer 
(7) to be insoluble in cuprammonium solution, a soluble starch preparation 
dissolved without difficulty. 

The optical rotation of a glucoside in water or cuprammonium hydroxide 
solution is to a considerable extent determined by the a or 8 configuration 
around the glucosidic carbon atom. However, in several instances it has 
been observed that the shift in rotation due to the formation of copper- 
containing complexes is approximately the same for glucoside pairs differing 
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only in regard to the a or 8 configuration. In a comparison of the optical 
behavior of glucosides with that of polysaccharides it seems proper to use 
the difference or shift in molecular rotation caused by formation of the 
complex instead of the specific or molecular rotations. In Table III these 
shifts for the polysaccharides are compared with the shifts for the substi- 
tuted glucosides. It will be seen that the 4-linked polysaccharides and the 
4-substituted glucoside show a large levo shift in rotation, the 3-linked 
polysaccharide and the 3-substituted glucosides show almost no change in 
rotation, and the Phytomonas polysaccharide resembles the 2-substituted 
glucoside in showing a large dextro shift in rotation. 





TaBLe II 
Optical Rotation of Polysaccharides in Aqueous and Cuprammonium Hydroxide 
Solution 
Optical rotation 
Substance Solvent seeere 
lalse (M Nes 
degrees degrees 
Cellulose | Cupra | —1200 | —194,400 
Water-triton B (1:1) | —46 —7,500 
Starch (soluble) | Cupra | —715 | —115,800 
| Water | +375 +60, 800 
Glycogen Cupra — 597 — 96,700 
| Water,containing NaCl! +366 +59, 300 
Laminarin | Cupra +34 +5, 500 
Water —29 —4,700 
Polysaccharide from Phytomonas tu-| Cupra +960 | +155,500 
mefaciens Water —23 —3,700 
Dextran from Leuconostoc dextrani- | Cupra —128 — 20,700 


cum | Water -+-297 +48,100 


The optical behavior of the 6-linked dextran does not closely resemble 
that of the 6-methyliglucosides. Since the polysaccharide is more levo- 
rotatory than the glucoside, a part of the difference could be explained by 
the existence of a small proportion of linkages through the 4 position similar 
to those found by Levi, Hawkins, and Hibbert (8) in the dextran from the 
related organism Leuconostoc mesenteroides. A second explanation of the 
difference might be as follows: When the hydroxyl groups on carbon 
atoms 2, 3, and 4 are free, it is possible that two different complexes of high, 
but opposite, optical activity may be formed. It has been observed that 
the complex involving the 2 and 3 hydroxyl groups would be highly levo- 
rotatory, while that involving the 3 and 4 positions might be highly dextro- 
rotatory. In solution an equilibrium between the two complexes would be 
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expected and the nature of the groups attached to the glycosidic carbon 
atom and to carbon atom 5 of the pyranose ring might influence the optical 
behavior by favoring one complex above the other. Wide differences were 
actually encountered among the 6-methyl methylglucosides, a- and £- 
methylglucosides, methyl D-xylosides, and levoglucosan, all of which 
possess the L, D, L configuration for hydroxyl groups 2, 3, and 4, respec- 
tively. 

It appears that the optical activity of copper-carbohydrate complexes 
can be used as a rapid means of classifying glucose polysaccharides, and in 
certain cases valuable information regarding structure can be obtained. 


Taste III 
Shift in Molecular Rotation Due to Copper Complex Formation 


Substance | cupra)—[M]?° water) 
degrees 
Methy! 2-methy]-8-glucoside +219, 300 
Phytomonas polysaccharide ; +159, 200 
Methy! 3-methy1-8-glucoside —8,300 
“ 3-methyl-a,8-glucoside : —400 
Laminarin......... +10, 200 
Methyl! 4-methyl-8-glucoside — 202, 200 
Cellulose...... — 186, 900* 
Starch (soluble).. — 176,600 
Glycogen...... — 156,000 
Methyl! 6-methy1-8-glucoside.... ' +43, 500 
“ 6-methyl-a,8-glucoside.... +40, 400 
“ — a-glucoside i‘ +-24,400 
“ — B-glucoside cre +25 ,000 
Levoglucosan < 1,5 > <1,6>..... Wetted 40's teu — 2,800 
Methy!] a-D-xyloside ; sede Todkscccedevec — 25,700 
“ 8-D-xyloside. TORT PTT PerieeiTTee re —31,200 
Leuconostoc dextranicum dextran...............eeeeee08 — 68,800 





* (MJ23._ (cupra)—[M)?§. (water-triton B). 
It is possible that upon further refinement the method may become useful 
as an indication of the purity of polysaccharides, or as a test for branch- 
ing, or for more than one type of linkage. 


EXPERIMENTAL 


The magnitude of the rotation of complex-forming substances is de- 
pendent upon the relationship between concentration of copper and carbo- 
hydrate. To keep this ratio constant all observations were made on 
approximately 0.03 m glucoside solutions or on 0.5 per cent polysaccharide 
solutions in cuprammonium hydroxide solution containing approximately 
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0.24 mole of copper per liter. Aqueous solutions of similar concentrations 
were employed for comparison. 

The cuprammonium hydroxide solutions contained 15 gm. of copper, 240 
gm. of ammonia, and 1 gm. of sucrose (9) or glycerol per liter. The sucrose- 
containing solution had an optical rotation of +0.09° (Hg blue line, 0.5 
dm.) which was subtracted from all readings when this solution was used. 

The mercury blue line (436 my) was isolated for aqueous solutions by 
Corning Filters 511 and 038. For cuprammonium solutions only Filter 038 
is required, since the longer wave-lengths are completely absorbed by the 
solution. The source of light was a General Electric high pressure mercury 
arc. All observations were made in a Gaertner polarimeter with 0.5 dm. 
tubes for cuprammonium solutions and 1 or 2 dm. tubes for aqueous solu- 
tions. 

Methy! 2-methyl-8-glucoside was prepared from crystalline 2-methyl- 
glucose by the procedure of Oldham (10). M.p. 94-95° (corrected); 
[a]? = —37° (HO). 

Methyl 3-methyl-8-glucoside was prepared from crystalline 3-methyl- 
glucose by the procedure of Oldham (10). The melting point of the tri- 
benzoate was 132—134° (corrected), a value higher than the 125-126° re- 
ported. The rotation of the tribenzoate was [a]”> = +16° (CHCl), and 
of the free glucoside [a]? = —27° (H.O). A mixture of methyl 3-methyl- 
a- and 8-glucosides, [aligs = +223° (H,O, c = 0.6), +221° (cupra, c = 
0.6), was prepared by deacetylation of the triacetate. The triacetate was 
prepared by boiling 3-methyldiacetoneglucose for 24 hours in methanol 
containing 3.2 per cent hydrogen chloride, evaporating to dryness in vacuo, 
and acetylating the product. The acetate was purified by distillation at 
190-195° at 2 mm. pressure. 

Methyl] 4-methyl-8-glucoside triacetate, m.p. 107—108° (corrected), from 
the collection of the late Dr. P. A. Levene was dissolved and deacetylated 
simultaneously in the cuprammonium solution. The aqueous solution was 
prepared by dissolving the crystals in a slight excess of warm N sodium 
hydroxide and neutralizing with dilute acetic acid after saponification was 
judged to be complete. The aqueous solution contained approximately 
| per cent sodium acetate. 

Methyl 6-methyl]-8-glucoside solutions were prepared in the manner 
described above from the crystalline triacetate which was prepared accord- 
ing to the directions of Helferich and Gunther (11). The free glucoside 
gave an optical rotation of [a] = —27° (H,O, containing 1 per cent 
NaOAc). Methyl 6-methyl-a- and §-glucosides were also prepared by 
refluxing 500 mg. of crystalline 6-methylglucose in 20 ml. of methanol 
containing 1 per cent dry hydrogen chloride for 2.5 hours. After removal 
of acid with ethereal diazomethane the solution was evaporated to dryness 
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and the residue distilled in a micro sublimation outfit at 150° and 0.05 mm. 
la]ise = +132° (H,O); +326° (cupra). 


Analysis—CsH.0, (208). Calculated, OCH; 29.8; found, 29.5, 29.3 


Samples of methyl a- and 8-D-xyloside, methyl a- and 8-glucoside, and 
levoglucosan having melting points in agreement with values given in the 
literature were employed. The optical rotations of these substances are 
given in Table IV. 

A sample of polysaccharide from Phytomonas tumefaciens was kindly 
supplied by Professor W. H. Peterson. This material has been shown to be 
composed of glucopyranose units (1). The sample for rotation was dried 
}® = —11° (H,0). 


TaBie IV 
Optical Rotation of Certain Substances with D Line and Hg Blue Line 


in a vacuum at 100°. [a 








Specific rotation (25°) 





Substance | Selvent 


D line (589 my) | Hg blue line (436 my) 
degrees degrees 
Methyl a-D-xyloside | Water | +155 +295 
Cupra +138 
“  B-D-xyloside | Water —60 —127 
Cupra —317 
“ —a-glucoside | Water +306 
| Cupra +432 
“«  B-glucoside Water —62 
Cupra +67 
Levoglucosan Water —65 —127 


Cupra —144 


Laminarin was prepared from Laminaria digitata collected in the early 
summer of 1939 at the Marine Biological Laboratory, Woods Hole, Massa- 
chusetts. The method of isolation has been described by Barry (12). 
The rotations were calculated upon a moisture-free basis. [a]? = —14° 
(H,0). 

Cellulose in the form of cotton fiber was purified by extraction with 
alcohol and 1 per cent sodium hydroxide solution. This material was used 
for the cuprammonium solution. Before being dissolved in triton B the 
purified cellulose was partially hydrolyzed by heating for 1 hour in a water 
bath at 100° with n hydrochloric acid, filtered, washed, and dried. The 
triton B solution of cellulose was diluted with an equal volume of water, 
and centrifuged to remove a slight turbidity. Rotations were calculated 
upon a moisture-free basis. [a] = —16° (water-triton B, 1:1). 

Soluble starch was prepared according to the directions of Morrow 
and Sandstrom (13). The cuprammonium solution was centrifuged to 
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remove a slight cloudiness. The rotations were calculated upon a moisture- 
free basis. 

Glycogen was dried to constant weight at 100° in a vacuum. The 
aqueous solution was prepared by dissolving the glycogen in N sodium 
hydroxide and adding an equivalent quantity of hydrochloric acid. [a]? = 
+184° (H,O containing 3 per cent NaCl). 

A sample of the dextran synthesized by the action of Leuconostoc dex- 
tranicum upon sucrose solution was kindly supplied by Professor Harold 
Hibbert. The material formed a gel which dissolved slowly in cupram- 
monium. The solutions were centrifuged to remove a trace of insoluble 
material. The rotations were calculated upon a moisture-free basis. 
[aj = +151° (H,0). 


SUMMARY 


It has been found that the four possible monomethyl 8-methylgluco- 
pyranosides show widely different optical behavior when dissolved in 
cuprammonium hydroxide solution. 

The optical activity of methyl 2-methyl-6-glucoside in water and 
cuprammonium so closely resembles that of the polysaccharide from 
Phytomonas tumefaciens that it is suggested that this polysaccharide is 
composed of glucopyranose units linked chiefly through the 2 position. 
The optical behavior of a 3-linked polysaccharide and several 4-linked 
polysaccharides is similar to that of the correspondingly substituted 
methyl] glucosides. 

The shift in the optical rotation of glucopyranoside polysaccharides upon 
being dissolved in cuprammonium hydroxide solution may be used to 
classify glucose polysaccharides and may in certain instances furnish in- 
formation regarding the structure of the polysaccharide. 
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THE TRYPTOPHANE AND TYROSINE CONTENT OF PEANUT 
PROTEINS* 


By W. L. BROWN 


(From the Depariment of Chemistry, Georgia Agricultural Experiment Station, 
Experiment) 


(Received for publication, February 25, 1944) 


The feeding experiments of Baernstein (1) with peanut proteins indi- 
cated that conarachin was a complete protein for growth in young rats, but 
that arachin was deficient in tryptophane as well as in methionine. In 
view of the lack of agreement on the tryptophane content of the peanut 
proteins, as shown by the results of Jones, Gersdorff, and Moeller (2), and 
those of Milone and Everitt (3), who used modifications of the May and 
Rose method (4), on the one hand, and those of Kotasthane and Narayana 
(5), who used the Folin and Marenzi method (6), on the other, it was felt 
that this discrepancy should be clarified. Looney (7) expressed lack of 
confidence in the results obtained by most of the methods for tryptophane, 
especially when the May and Rose method was used. Shaw and McFar- 
lane (8) showed that by the May and Rose method erroneous results were 
obtained and confirmed the reliability of their modification of the glyoxylic 
acid method (9). 


EXPERIMENTAL 


The arachin and conarachin used were the preparations referred to in an 
earlier paper (10). Jones and Horn (11) found 40.5 per cent crude protein 
(N X 5.5) in an oil-free peanut meal. Repeated extraction of the meal 
with 10 per cent sodium chloride solution gave an extract containing 87 
per cent of the total crude protein. Examination of this extract indicated 
the presence of arachin and conarachin to the extent of 61.2 and 21.5 per 
cent, respectively, of the total crude protein. This is equivalent to 25 and 
8.7 per cent of arachin and conarachin, respectively, based on the weight 
of the oil-free peanut meal. ‘ 

In a report from this Station (12) it has been shown that the protein of 
oil-free unheated peanut meal can be dispersed in water up to the extent of 
from 80 to 93 per cent of the total crude protein. Of this protein dispersed 
in water, from 80 to 88 per cent may be precipitated by saturating the 
solution with carbon dioxide. This easily prepared protein preparation, 
which should be comparable to peanut total globulin in composition, is 
convenient for use as representative of the total peanut protein. 

Sound, clean, shelled peanuts of Strain 177-23 (Philippine White X North 


* Published with the approval of the Director as paper No. 122, Journal Series. 
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Carolina Runner) were ground and extracted with petroleum ether. Prac- 
tically all of the seed-coat was removed by screening. The oil-free meal 
contained 43.5 per cent crude protein. The water-dispersible protein 
was prepared by stirring 1 part of this meal with 30 parts of distilled water 
for an hour. Then the supernatant solution was centrifuged and filtered. 
A few ml. of ether and toluene were added to prevent foaming and bacterial 
decomposition. After the protein solution was saturated with carbon 
dioxide, it was stored in a closed container overnight. The supernatant 
liquid was decanted and rejected. ‘The remaining protein was separated 
by centrifuging, was then mixed with water saturated with carbon dioxide, 
and stored at 5° overnight. After the protein was separated again with 
the centrifuge, it was dried with alcohol and ether in the usual manner. 
Water-dispersible peanut protein prepared in this way was found to contain 
0.33 per cent ash on a moisture-free basis, and 17.46 per cent of nitrogen 
on an ash- and moisture-free basis. Examination of this protein by the 
method of Palmer, Smyth, and Meyer (13) indicated that it contained 
0.16 per cent hexosamine. 

Glyoxylic Acid Method—The earliest estimations of tryptophane by the 
glyoxylic acid method in this laboratory were not entirely satisfactory. 
Shaw and McFarlane observed (9) that when certain samples of concen- 
trated sulfuric acid were employed a yellowish brown color developed in the 
blank determination. Several reagent grades of sulfuric acid were tried, 
but none was entirely satisfactory. Distilling the acid in the first apparatus 
that was used was not satisfactory. 

Preliminary experiments indicated that very small amounts of nitrates 
er nitrites might be responsible for the difficulty. It was found that in the 
presence of free tryptophane in the blank determination a yellow-brown 
color was produced by traces of either nitrates or nitrites. Moreover, a 
similar yellow-brown color was not produced when alkaline solutions of 
unhydrolyzed proteins were used in place of the standard tryptophane 
solution. Since the calibration curves are prepared with standard solutions 
of free tryptophane, this introduces a serious source of error. In addition, 
it was found that very small amounts of either nitrates or nitrites lowered 
the amount of blue color developed with both the free tryptophane and the 
solutions of unhydrolyzed protein. 

The influence of nitrates, nitrites, and ammonia on the recovery of tryp- 
tophane in the glyoxylic acid method is illustrated in Table I. The sulfuric 
acid used was a very pure sample of redistilled acid obtained from the J. T. 
Baker Chemical Company,' Eaton? found “‘in distilling ordinary c.P. acid 
containing a trace of nitrate, nitric acid could not be detected with diphenyl- 
amine until more than half of the acid had been distilled.” 


’ Courtesy of G. B. Hafer and F. C. Eaton. 
* Eaton, F. C., personal communication. 
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For redistillation a 6 liter Yoe conductivity water still which had a double 
vapor trap was used. The upper part of the flask, the side tube, and vapor 
trap were covered with asbestos paper to minimize radiation. To 4.5 
liters of acid for Kjeldahl analysis in the distilling flask were added, to prevent 
bumping, a few pieces of alundum which had been treated with hot sulfuric 
acid, rinsed in distilled water, and then calcined. The first 125 ml. of 
distillate were rejected. Three fractions of 1780, 660, and 280 ml., respec- 
tively, were collected. All three of the fractions gave good blanks and 
were entirely satisfactory. 

In Table II are shown the results obtained on peanut proteins for trypto- 
phane by the glyoxylic acid method (9), and for tyrosine by the method of 


Taste | 
Influence of Nitrates, Nitrites, and Ammonia on Recovery of Tryptophane 
The amount of nitrate, nitrite, or ammonia ion was added as a standard solution 
of sodium nitrate, sodium nitrite, or ammonium sulfate before the volume was 
adjusted to 2 ml. and the copper sulfate, glyoxylic acid, and 5 ml. of sulfuric acid 
added. 





ice , ite 5 Tryptophane recovered after addition o 
Weight of nitrate, nitrite,| tins f 
or ammonia added — 





Nitrite | Ammonia 











Nitrate : 7 é 

ox . 7 per cent a oer cant | %; | omic per pay ite 
0 | 100 | 100 100 
0.002 98.5 103.6 
0.005 98.5 87.4 
0.01 | 73.1 “4.30 
0.02 | 26.2 5.5 98.8 
0.04 0 
0.05 101.2 
0.10 | 99.4 
0.15 | 98.8 


Folin and Marenzi (6) as outlined by Block and Bolling (14), but adapted 
for use with the spectrophotometer. The transmission was determined at 
\ 540 and 520 mu for tryptophane and at \ 480 my for tyrosine with a 
Coleman No. 11 spectrophotometer. Included for comparison are the 
results found by several other investigators. 

Eckert Method—In order to check further on the tryptophane content 
of the peanut proteins, the method of Eckert (15) was used. The proteins 
were hydrolyzed with 5 n sodium hydroxide under a reflux at 125°. At the 
end of the period of hydrolysis, and while the solution was hot, enough 12 n 
hydrochloric acid was added to neutralize the alkali and make the solution 
1.2 n in hydrochloric acid, when diluted to the required final volume. The 
hydrolysate was treated with 400 mg. of kaolin per 100 ml. of hydrolysate, 
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centrifuged, and filtered through dry filter paper. From this point on the 
method was the same as that of Eckert, except that it was found to be 
essential to determine the factor for the color produced by tryptophane each 


Tas_e II 
Comparison of Tryptophane Results by Several Methods, and Tyrosine Content of 
Proteins 
Corrected for moisture and ash. 
Results of 
P Amino acid te gy "| Jones, | 
oonen eae Of | Kotasthane Gers- | Milone 
Author and | dorff, and Holiday 
Narayanat and Everitt} 
Moellert 
per cent* per cent per cent| per cent; per cent 
Arachin Tryptophane | 0.68 | 0.66-0.69 | 0.88 | 1.80 
Tyrosine 5.68 | 5.43-5.69 | 5.50 
Conarachin | Tryptophane | 0.91 | 0.93-1.07 | 2.13 | 1.78 | 
Tyrosine 2.86 | 3.09-3.23 | 
Total globulin Tryptophane 0.58-0.66 | 1.00 
Tyrosine 4.80-5.48 
Water-dispersible pea- | Tryptophane 0.79 
nut protein Tyrosine 4.80 
Casein Tryptophane | 1.03§ | 2.2 | 2.44 | 0.85-1.26 
Tyrosine 5.70§ 6.45-7.5 
* Averages of several determinations. 
t Prepared from two varieties, local and Spanish. 
t Prepared from Virginia peanuts. 
§ Labco vitamin-free casein. 
Tasie III 
Tryptophane by Eckert Method 
Corrected for moisture and ash. 
Length of hydrolysis 
Protein =o aliens —— 
6 hrs. 7 hrs. 24 brs 48 hrs. 
alt | = e poe cnt per cent per cent 
Arachin. . eg 0.66 0.74 0.70 
St: .#asseckes sees s « | 0.72 0.76 0.70 0.71 
Water-dispersible peanut pro- 
SO A a kiki ies Cae ews 0.77 0.82 0.82 


tS inictines sane ade 1.02 | 





time determinations of tryptophane in proteins were made. The trans- 
mission at \ 560 my was determined with the spectrophotometer. The 
results for the tryptophane content of the proteins hydrolyzed for different 
lengths of time are shown in Table III. 
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DISCUSSION 


It is evident that nitrates and nitrites must be excluded from both the 
reagents and the proteins when the glyoxylic acid method is used for the 
determination of tryptophane. _ If this precaution is exercised, the glyoxylic 
acid method appears to be as reliable as it is convenient. 

The Eckert method for tryptophane confirms the tryptophane results 
found by the glyoxylic acid method in all cases except with conarachin. 
The results for conarachin obtained by the Eckert method are obviously 
erroneous, although it is not possible to give an explanation at this time. 
With this method the results found were not always precise. 

The tryptophane results found for casein by both the glyoxylic acid 
method and the Eckert method agree with that found by Holiday (16) by 
ultraviolet spectrophotometry. It appears that the p-dimethylbenzalde- 
hyde method for the estimation of tryptophane gives erroneous results. 

It is probable that there is little difference in the composition of the pro- 
teins prepared from different strains of peanuts. The peanut protein 
prepared by dispersion in water may prove to be comparable to total glob- 
ulin in composition. 


SUMMARY 


Nitrates and nitrites, if present in sulfuric acid to the extent of 0.0001 
per cent, interfere with the determination of tryptophane by the glyoxylic 
acid method. A satisfactory grade of sulfuric acid can be obtained by 
distilling the acid in a conductivity water still. 

The results are given for the tryptophane and tyrosine content of the 
peanut proteins. 
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In an analysis of the effect of common enzyme inhibitors on the destruc- 
tion of thiamine by the Chastek paralysis factor of fish tissues (1) an inter- 
ference of the inhibitor compounds with the method for thiamine deter- 
mination was encountered. In these experiments control solutions con- 
taining thiamine and the inhibitor yielded less color with the Melnick and 
Field (2) colorimetric procedure than did solutions containing only 
thiamine. 

Interference with the activity of the diazotized p-aminoacetophenone 
reagent has been previously reported. For example, Prebluda and 
McCollum (3) in the original description of the reagent stated that, “High 
salt concentrations and metallic ions were found to influence . .. the 
reagent.”” However, the influence of high salt concentrations (sodium 
sulfate, sodium chloride, and potassium chloride) was overcome by Melnick 
and Field (2) with the inclusion of alcohol and phenol in the reaction mix- 
ture. Of equal interest is the interference resulting when ascorbic acid is 
present in relatively large amounts (4, 5). 

The inhibitor compounds employed in characterizing enzymes and 
enzyme reactions represent a wide variety of inorganic and organic sub- 
stances, including heavy metal salts, oxidizing and reducing agents, organic 
compounds of highly specific reactivity, as well as agents with less well 
understood actions. In view of the possibility that interference from these 
or similar compounds may be of importance in other instances in which the 
colorimetric method is used, the interference encountered and a more de- 
tailed analysis of certain phases are presented at this time. 


EXPERIMENTAL 


Thiamine determinations were made by the method described by 
Melnick and Field (2) with the minor variations indicated. In the majority 
of the experiments, 5 ml. of 5 X 10~ m thiamine in 0.04 m phosphate buffer, 
pH 7.4, with or without the inhibitor compound to which had been added 


* The authors are indebted to the Rochester Brewing Company, Inc., for making 
available a research fund in support of this investigation. 
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5 ml. of 10 per cent trichloroacetic acid, served as the solutions for analysis, 
The phosphate and trichloroacetic acid were present, since the experi- 
mental solutions were originally derived from work with the fish principle. 
However, numerous experiments demonstrated the presence of these sub- 
stances to be without influence on the interference measured. 

From the total volume of 10 ml., 2 ml. were transferred to small mouth 
50 ml. centrifuge tubes containing 3 ml. of water and 5 ml. of the Melnick- 
Field alcohol-phenol mixture. 10 ml. of the diazotized p-aminoaceto- 
phenone reagent were added, the colored complex subsequently being 


TABLE | 


Interference with Diazotized Aminoacetophenone Reaction for Thiamine 








Compound Concentration Thiamine value 
| moles perl. X 108 per cent of standard 

Mercuric chloride. . 1.0 0 
Silver nitrate. 10.0 0 
Sodium tungstate... 10.0 0 
Potassium ferricyanide ; = 10.0 0 
Hydroxylamine 10.0 0 
Hydrogen sulfide Excess 4.0 
Cysteine.. bp 10.0 26.2 
Iodine... 10.0 52.0 
Sodium oxalate 1.0 91.2 

* fluoride 1.0 92.1 
Iodoacetic acid 1.0 92.1 
Sodium sulfite 20.0 94.3 
Potassium cyanide 1.0 94.3 
Sodium pyrophosphate 10.0 96.3 
Ferric chloride , , 1.0 96.5 
Zine chloride ; 1. 97.8 
Acetone ; Excess 98.8 
Arsenious acid 10.0 100 
Malonic acid 10.0 100 
Cupric sulfate 1.0 101 


Thiamine concentration, 5.0 X 10-' m 


extracted with 10 ml. of xylene and the color read in the Klett-Summerson 
photoelectric colorimeter with the No. 52 filter. For standards of com- 
parison, thiamine solutions of the same composition were used, except that 
the interfering chemicals were omitted. 

The results obtained with the compounds examined are illustrated in 
Table I, in which are represented the highest concentrations used and the 
resultant comparison with the thiamine standard. It is evident that the 
heavy metals, ferricyanide, hydroxylamine, hydrogen sulfide, and cysteine 
produce the greatest effect. Iodine is somewhat less effective and the 





| 
| 
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other compounds produce only very little or no effect in the concentra- 
tions used. 

That the interference encountered is a function of the relative conéen- 
tration of the interfering compound and thiamine is illustrated in the case 
of mercuric chloride in Fig. 1, in which the amount of color derived from 
thiamine is plotted against concentration of the mercury compound. The 
same relationship has been observed in the case of each of the substances 
influencing the reaction, as is further illustrated in the values obtained with 
eysteine (Table II, second column). 


i\OOF 


% of Standard 
ro) @ 
° ° 
Tt T 


L 
°o 
T 


THIAMINE VALUE, 
re 
°o 
t 





4 | Lx. i 


i 


L 
-6 -5 -4 -3 
MERCURIC CHLORIDE, Log Moles per Liter 








Fie. 1. The effeet of increasing mercuric chloride concentrations on the thiamine 
value. 5 ml. of 5 X 10-‘ mM thiamine containing the proper amount of mercuric 
chloride were used. Each value is the average of two to five determinations. 


The mechanism of the resultant production of decreased color is not 
entirely clear in each case, although suggestions may be made in certain 
instances. For example, the reduced color value obtained with 0.02 m 
sodium sulfite may probably be explained on the basis of the well known 
destruction of thiamine by sulfite. Concentrations of this reagent which 
permitted complete recovery of thiamine under the usual conditions yielded 
significantly lower values when the mixtures were incubated for 2 hours at 
37.5°, as would be expected if the above explanation is the correct one. 
The trichloroacetic acid was added immediately after the incubation and 
the determinations were made without delay. Table II shows that not 
only did the increase in temperature decrease the thiamine recovery, but 
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also that the decrease is proportional to the sulfite concentration. On the 
other hand, in the case of cysteine the incubation treatment did not mate- 
rially alter the values obtained at room temperature. 

The interference obtained with mercuric chloride and with iodine may 
be assumed to be of a different type, for each of these reagents is known to 
precipitate thiamine from solution. Although no visible precipitation oe- 
curred, it is likely that the complexes were formed and that they are of such 
a nature as to prevent coupling with the diazotized p-aminoacetophenone, 
Support for this view-point is available in the finding that the addition of 
mercuric chloride after the addition of the diazotized reagent is without 


Taste II 
Sodium Sulfite and Cysteine Interference 





Thiamine value* 


Concentration elie a Se one 
Unincubated | Incubated 











Sodium sulfite 





woaies peri. X 108 7! per cent of standara | par ents of standard 
20.0 94.3 74.7 
10.0 102 87.1 
5.0 101 89.7 
2.0 100 | 92.0 
1.0 101 93.2 
0.5 103 96.6 
0.2 99 96.0 
Cysteine 
10.0 26.2 28.4 
1.0 83.8 89.4 
0.1 100 93.8 
0.01 100 95.4 


* Unincubated, 2 hours at room temperature; incubated, 2 hours at 37.5°, immedi- 
ately prior to the addition of trichloroacetic acid and analysis. 


significant influence on the color obtained. The same amount of mercuric 
chloride added just prior to the addition of the reagent produced the usual 
interference, as may be seen by comparison of the values in Table III. 

Since the thiazole portion of the thiamine molecule is responsible for the 
formation of the colored complex with the Prebluda-McCollum reagent, 
the effect of mercuric chloride on the color obtained with 4-methyl-5-¢- 
hydroxyethylthiazole methiodide' was determined. It is evident from the 
values in Table IV that interference likewise occurs. 


1 The authors gratefully acknowledge a generous supply of this compound and 
of thiamine from the Medical Department of Merck and Company, Inc., for use 


in these experiments. 
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While it may be argued that the compounds yielding a positive effect 
are seldom encountered in thiamine-containing materials, the possibility of 
similar difficulties being present should be borne in mind. This point may 
be illustrated by the results of an assay of the thiamine content of one lot 
of commercial tablets containing the synthetic water-soluble vitamins. 
The dissolved tablets when assayed by either the Melnick and Field pro- 
cedure or the fermentation method of Schultz et al. (6) yielded values of 
0 to 0.25 mg. of thiamine instead of the 1.0 mg. expected. The preliminary 
removal of the coating made no difference in the values obtained. The 


Tasie III 
Addition of HgCl, before and after Diazonium Reagent 
The 0.2 ml. of mercury compound was added to the thiamine aliquot in the water- 
aleohol-phenol mixture contained in the centrifuge tubes either just before or just 
after the addition of the diazotized reagent. Thorough mixing between additions 
was accomplished. 











Thiamine value 
HgClhe added, 0.2 ml. CES tn 











Before After 
X 10° per cent of standard ; per cent of standard ai) 
1.25 0 | 96.3 
0.5 67.7 | 96.3 
0.05 100 100 








Taste IV 
Interference with Thiazolium Methiodide Color 


The 2 ml. aliquots analyzed contained 2.5 X 10-* m 4-methyl-5-8-hydroxyethy]l- 
thiazole methiodide and were compared with a standard of the same compound. 





HgCk: concentration Thiazole value 











mole per 1. X 10° 


per cent of standard 


0.5 0 
0.25 1.6 
0.1 60.9 
0.01 100 














interior consisted of approximately 190 mg. of cocoa as filler and 30 mg. of 
ascorbic acid in addition to various amounts of the other synthetic B vita- 
mins. Consequently separate 1 mg. portions of thiamine were mixed with 
190 mg. of cocoa and 30 mg. of ascorbic acid from the same materials used 
in compounding the tablets. The fermentation method showed the pres- 
ence of 0.56 mg. of thiamine in the former mixture and 0.46 mg. in the 
latter, similar values being obtained with the Melnick-Field method. 

These results not only confirm the influence of ascorbic acid previously 
referred to, but also indicate the deleterious effect of cocoa on the thiamine 
molecule. The practical implications are, of course, obvious. 
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The results of these experiments demonstrate difficulties which may 
occur in making thiamine assays. It is to be expected that certain ones 
may be circumvented by the proper combination of procedures, although 
investigations to date indicate that a single uniform procedure is not en- 
tirely applicable in all cases. 

The interference observed raises questions of both theoretical and prae- 
tical interest. Although the undesirable influence of ascorbic acid in 
modifications of the Melnick and Field method has been successfully over- 
come (4, 5), the results of these experiments suggest that the mixing of the 
two vitamins under widely varying conditions may necessitate analytical 
demonstration of the expected thiamine potency. In view of the de- 
creased values obtained in the presence of cysteine an investigation of the 
effect of the glutathione in yeast or tissues on the thiamine content should 
prove of interest. These and additional points justify further search for 
and study of interfering substances not only for the purpose of clarifying the 
assay procedures but also for further elucidation of the chemical behavior 
of the thiamine molecule. 


SUMMARY 


1. The presence of heavy metal salts, potassium ferricyanide, hy- 
droxylamine, hydrogen sulfide, cysteine, iodine, or sodium sulfite markedly 
influences the reactivity of thiamine with the diazotized p-aminoaceto- 
phenone reagent. Consequently, lower values are obtained in the colori- 
metric determination of thiamine. 

2. That the extent of the phenomenon is a function of the concentration | 
of extraneous compound has been demonstrated, evidence in the case of 
mercuric chloride, sodium sulfite, and cysteine being presented 

3. Although adequate explanation of the observed results is available 
in some cases, in others a satisfactory mechanism awaits further 
investigation. 

4. The possibility of theoretical and practical implications of relation- 
ships of this type is illustrated with the results of thiamine assays which 
show the deleterious effect of cocoa on the thiamine values obtained by both 
the Melnick and Field and fermentation methods. Evidence of the inter- | 
ference of ascorbic acid in the fermentation method is also presented. 
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The possibility of an interrelationship between vitamins of the B group 
was first suggested by clinical observations. Scandinavian authors (1-3) 
have reported that treatment of multiple deficiencies with thiamine alone 
precipitated the appearance of lesions characteristic of nicotinic acid defi- 
ciency, and Sydenstricker (4) encountered the enhancement of certain 
signs of deficiency in pellagrins following treatment with nicotinic acid. 
These and other observations, taken as evidence of an interdependence 
between individual vitamins of the B group, stimulated speculation as to 
whether the lack of one vitamin or an overdosage of an individual member 
of the vitamin B complex might derange the requirements for others (“‘vita- 
min balance’). Experimental data on an interdependence among the B 
vitamins are meager. Unna and Clark (5) were unable to show that exces- 
sive amounts of individual vitamins given to rats deficient in one or more 
factors of the vitamin B complex aggravate the manifestations of the spe- 
cific deficiency. Klopp, Abels, and Rhoads (6) found a transitory increase 
in riboflavin excretion in men treated with large doses of thiamine. Pro- 
longed administration of thiamine, however, failed to produce any clinical 
evidence of riboflavin deficiency. 

Sure and Ford (7) reported an increase in riboflavin excretion in the 
urine of thiamine-deficient rats. They suggested that thiamine deficiency, 
by affecting the utilization of riboflavin, may produce riboflavin deficiency 
in man. Ferrebee and Weissman (8), however, in studies on thiamine- 
deficient patients concluded that thiamine deficiency is not of clinical 
significance in the production of riboflavin deficiency. In thiamine- 
deficient rats, they observed changes in riboflavin metabolism only in the 
terminal stages of the deficiency, which were regarded as non-specific. 

Supplee, Jensen, Bender, and Kahlenberg (9) made the observation that 
the concentration of riboflavin in the liver increased temporarily following 
ingesting of food. This increase was not observed in thiamine-deficient 
and in pantothenic acid-deficient rats. Since the administration of these 


* This work was carried out with the aid of a grant from the Nutrition Founda- 
tion, Inc. 
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two vitamins promptly restored this transient hepatic increase in riboflavin 
during digestion, it appears that both thiamine and pantothenic acid 
exert an influence upon the mobilization of riboflavin. 

In the course of a study of the effect of vitamin deficiencies on the metabo- 
lism of estradiol (10), data on the thiamine and riboflavin content of the 
liver of these animals were obtained which suggested an interrelationship 
between these two vitamins. Further studies of such an interrelation 
between thiamine and riboflavin were undertaken, and the results are 
reported in this communication. 


Methods 


The composition of the various diets employed in this study is given in 
Table I. Animals maintained on Diet 18 were given by stomach tube a 
daily supplement of B vitamins as indicated in Table I. Diet 18 devoid 
of B vitamins served in the production of deficiencies in the entire B com- 
plex as well as in individual factors such as thiamine, riboflavin, pyridoxine, 
or pantothenic acid. This was accomplished by omitting either all vita- 
mins or the specific vitamin in question from the daily supplement. In 
Diet 18A the B vitamins were admixed in the diet, and thiamine or ribo- 
flavin deficiency was obtained by omitting thiamine or riboflavin respec- 
tively from the diet. 

Thiamine deficiency was also produced in rats maintained on Diet 20 
in which autoclaved yeast was used to supply B vitamins other than 
thiamine. The small amount of non-autoclaved brewers’ yeast is respon- 
sible for a thiamine content of 0.2 y per gm. of diet as measured by the 
thiochrome method. Control animals received a daily supplement of 40 
of thiamine. Through the courtesy of Dr. D. W. Woolley, a group of 
thiamine-deficient mice was obtained in which the deficiency was produced 
by the feeding of pyrithiamine (11). 

Diet 23 was used for the production of biotin deficiency. Control ani- 
mals received 2 y of biotin daily. Vitamin A deficiencies were obtained 
on Diet 44. Animals maintained on Diet 18 served as controls for the 
vitamin A-deficient rats. 

Male and female rats of two different strains (albino and piebald, 
Sprague-Dawley) raised in the laboratory were used. At 21 days of age 
the animals were placed in individual cages and given one of the experi- 
mental diets. Food and water were consumed ad libitum. The animals 
were continued on the deficient diets until severe signs of deficiency de- 
veloped. Every experiment was controlled by a group of litter mates 
on the same ration supplemented with an adequate amount of the particu- 
lar vitamin. Furthermore, with thiamine- and riboflavin-deficient animals 
paired feeding experiments were carried out in which the control animals 
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were restricted to the food intake of deficient animals. Deficient and 
control animals were sacrificed simultaneously. The weight of the liver 
and the kidneys was recorded and the moisture content of the liver was 








determined. 


The thiamine and riboflavin content of the liver was determined in indi- 
vidual assays by the thiochrome method of Hennessy and Cerecedo (12) 


TABLE I 
Composition of Experimental Die 





| Diet 18 | Diet 44 
Components 5 ecenmmmneanignen . 


Gm. per 100 gm. 


| Diet 18A | Diet 20 | Diet 23 


ts 





Casein, vitamin-free... bees i} 18 


18 
ee eee | 16 | 

Dried egg albumin.............. asia | 15 
Dextrose.......... ...| 68 | 70 | 68 | | 
Sucrose | 52 
Corn-starch ' | 60 
Vegetable fat (Crisco) 8 8 2 ae 10 
Salts U. 8S. P. XI No. I 4 4 4 | 4 4 
Cod liver oil 2 2 | 2 2 
Autoclaved yeast . 
Non-autoclaved brewers’ yeast | 0.2 
Dried beef liver | 2 

ae. Mg. per 100 em 
Thiamine............ 0.04 0.04 l | 0.8 
Riboflavin. ... nd | 0.08 0.08 2 1.6 
Nicotinamide... |} 0.6 | 0.5 10 | 10 
Pyridoxine 0.04 0.04 1 ae 
Ca pantothenate. . 0.2 | 0.2 10 5 

5 100 | 100 


Choline chloride. . 5 5 


on 
o 


a Tocopherol, mg.. 


Vitamin D concentrate, i.u....... | 2000 
| 


and by a modification of the fluorometric method of Hodson and Norris (13) 


respectively. 


Results 


Simultaneous determinations of the thiamine and riboflavin concentra- 
tion in the liver were carried out on a total of more than 200 animals. 
The results are grouped according to the various deficiencies in Tables 


II to V. 


Weekly supplements per animal 
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No significant difference in the vitamin content of the liver was found 
between the sexes nor between the two strains of rats. Also, the concen- 
trations of thiamine and riboflavin in the liver were not influenced by the 
age of the animals. They remained practically unchanged throughout a 
period of 3 months after weaning with the exception that occasionally 
during the first 2 weeks slightly lower values were found. The concentra- 
tion of riboflavin, however, was dependent on the type of diet used. A 
greater concentration of this vitamin was found in the livers of animals 
maintained on Diets 23 and 20 than in those on Diets 18 and 18A (Tables 
II and III). Since Diets 23 and 20, owing to the addition of egg white or 
autoclaved yeast, contain more protein than Diet 18, it appears possible 


TaB_e II 
Effect of Deficiencies in Biotin, Pyridoxine, Pantothenic Acid, and Vitamin A upon 
Concentration of Riboflavin and Thiamine in Liver 





























= SE foi oe se 
Body weight Riboflavin Thiamine 
Deficiency $ 3 a ; “en rai sie 
2 s a —Z% Range | average! Range = Range 
a }2"| | | < 
et EEE EE TES pie st SST — ——| 
| | | gm. | gm, iy pergm | ¥ per gm. fy y per gm 
Biotin...... 23 6 | 35-48 | 135 | 100-154 | 28.4 | 25 . 8-33 . 5| 
Control (2 y daily) 23 4 | 35-48 | 253 | 195-284 | 30.0 27 .6-33.4) 
Pyridoxine 18 | 15 | 49-60 60 | 46-96 22.5) 18.3-25.8) 4.9) 2.8-6.8 
Control (40 y daily) is | 9 | 49-60 170 | 144-207 | 23.4 | 19.6-26.8) 4.1) 2.8-6.8 
Pantothenic acid...| 18 | 7 | 52-60 | 83 61-107 | 24.6 | 19.8-30.0) 5.8) 4.5-9.3 


Control (200 


| | j 


7 | 52-60 | 162 | 144-196 | 23.5 | 19.6-28.8) 5.6) 3.3-6.8 


daily)... ....| 18 | 
Vitamin A....... 44 | 10 | 48-60 | 104 | 91-138 | 23.3 | 17.1-26.4 
Control (2% cod 
' 


BEWOP GEE). ccc cece }18| 5) 48-60 | 210 | 151-254 | 24.3 | 20.7-29 
that the riboflavin concentration of the liver may be dependent upon the 
dietary protein. In general, the riboflavin values were quite uniform in 
any given group and varied little from one experiment to another. On 
the other hand, the thiamine values were more erratic. 

The nutritional state per se had little influence upon the riboflavin or 
thiamine content of the liver. Animals maintained on pyridoxine- or 
pantothenic acid-free diets until very severe signs of deficiency had become 
manifest (after 49 to 60 days) showed no significant deviations in the 
riboflavin or thiamine concentration of the liver (Table II). Likewise, 
no change was observed in the riboflavin content of the liver in animals 
suffering from severe biotin deficiency or from vitamin A deficiency 


(Table II). 
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Thiamine Deficiency—The thiamine in the liver of the rats maintained on 
diets deficient in this vitamin decreased rapidly during the deficiency 
period (Table III). A depletion period of 24 to 28 days led to an almost 
complete exhaustion of thiamine in the liver, average values amounting 
to 0.2 y per gm. (less than 10 per cent of the control level). In all thiamine- 
deficient animals the concentration of riboflavin in the liver was consistently 
higher than that of control rats receiving adequate amounts of thiamine. 
This increase was not significant during the first 13 days while the rats 
were still growing (Experiment 1). However, after 24 to 28 days the 


Tasie III 
Effect of Thiamine Deficiency upon Concentration of Thiamine and Riboflavin in Liver 



































z | | | Body weight | Thiemine per gm. Riboflavin per gm. liver 
S| . No. of | Days = 
é Diet ani- a. a . 
p | a £ Range = Range Average Range 
a | = < x ae 
| gm. | gm. ee Y Y 
1 | 18, deficient | 6 113 65| 52- 73| 1.3) 0.9- 2.6 19.0 15.1-22.2 
| 18, control 3 |13 73| 69- 80| 5.4| 4.9- 5.8] 16.0 15.2-17.6 
2 | 18, deficient | 18 |24-28] 50| 35- 70/ 0.2) 0.1- 0.3|30.040.8/ 22 -36.8 
| 18, control 11 [24-28) 123] 110-152) 2.5) 2.0- 2.6| 21.8 + 0.1 | 19.8-24.6 
3 | 18, deficient 7 |20 | 49} 43- 57| 0.6) 0.3- 1.0) 27.8 21.6-32.4 
| 18, control 5 (20 | 103| 88-113) 9.3) 7.6-12.8) 23.1 21.0-25.4 
_.“ | 7 20 | 68) 55- 76| 9.6] 7.2-10.9) 20.9 19.2-25.4 
paired feeding} | | 
4 | 18A, deficient | 8 [25 | 55) 45- 60) 0. 2) 0.1- 0.3) 31.5 26 .5-34.6 
| 18A, control 5 25 | 155) 138-194/10.7) 8.1-12.6) 24.4 22.9-27.6 
5 | 20, deficient | 10 (29-32) 54 46- 65) 0.4) 0.2- 0.7) 29.5 24. 2-36 
| 20, control | 8 \29-32) 137) 130-144] 4.4| 2.3- 5.7) 25.5 22 -29 
6 | Pyrithiamine 3 | | 2.2] 1.9 2.6] 36.8 34 41 
(mice) | | 
Control wm | | | 9.2) 4.9-16.1) 30.5 | 29 -32 








riboflavin concentration in the liver of thiamine-deficient rats reached 
values which were almost 50 per cent higher than those of a control group 
which received the same amount of riboflavin by stomach tube (Experi- 
ment 2). A similar increase in the riboflavin concentration of the liver 
was also found in thiamine-deficient animals which received riboflavin and 
other B vitamins in the basal diet (Diet 18A) (Experiment 4) or in Diet 20 
(Experiment 5). When the control animals were restricted in their food 
consumption to that of the thiamine-deficient animals, no increase in the 
riboflavin concentration of the liver was observed (Experiment 3). Like- 
wise, mice depleted in thiamine by the feeding of pyrithiamine showed a 
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higher riboflavin concentration in the liver than did control animals which 
received large amounts of thiamine to counteract the effect of pyrithiamine 
(Experiment 6). When thiamine-depleted rats were given thiamine, the 
riboflavin concentration in the liver was found to decrease gradually during 
the following 2 to 4 days to the values of the control group, while the thi- 
amine concentration in the liver increased within 2 to 4 hours to normal. 

Riboflavin Deficiency—In contrast to the rapid loss of thiamine in the 
liver of thiamine-deficient rats, the decrease of riboflavin in the liver oi 
riboflavin-deficient rats progressed at a slow rate. After 24 days of deple- 
tion the concentration of riboflavin was about 10 y per gm. or slightly less 











TaBLe IV 
Effect of Riboflavin Deficiency on Concentration of Riboflavin and Thiamine in Liver 
F Body weight Riboflavin Thiamine 
Diet 3 Days on diet | g | Ei 
7 5 | Range — Range — Range 
Z < 
gm. gm __ y per gm. pind y per gm. 
18, deficient 5 | 24 36 | 35— 39) 10.3) 8.8-11.2) 12.0) 9.7-15 
18, control | 8| 24 84 | 62-106, 19.5)11.6-24.8) 5.1) 3.9- 6.7 
18, ” 5 | 24 66 | 62-— 71) 18.9)11.6-24.8 5.1) 4.4—- 6.3 
paired feeding 
18, deficient 5 | 25 (24 hrs. after | 48 | 42— 53) 10.8) 9.3-12.6) 7.5) 5.5- 9.8 
160 y riboflav- 
| im) 
18, “ | 4 | 26 (48 hrs. after | 53 | 46— 59) 15.814.8-17.3) 7.3) 4.0- 9.0 
320 
I8A, deficient 10 | 27 52 | 44- 60 9.7) 6.4-12.6 16.5/12.6-20.6 
ISA, control 5 | 27 155 (138-194) 24.9\22.9-27.6) 10.7) 8.1-12.6 
18A, ~~ 5 | 27 99 | 96-103 16.0:14.4-18.6' 8.6) 5.7-12.2 


paired feeding 


than 50 per cent of that of the controls (Table IV). Even in moribund 
animals appreciable amounts of this vitamin were found; riboflavin con- 
centrations lower than 6 y per gm. apparently are incompatible with life. 

The thiamine concentration in the liver of riboflavin-deficient animals 
was without exception higher than that of the control animals. In some 
experiments the values were twice those of the control animals which 
received the same amount of thiamine daily by stomach tube. It was 
likewise increased when the vitamins were fed in the basal diet (Diet 18A). 
The restriction of food consumption in control animals had no effect upon 
the thiamine level of the liver. The thiamine concentration of the livers 
of these animals was not significantly different from that of the control 
animals eating ad libitum (Table IV). 
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Another group of riboflavin-deficient animals was fed 160 y of riboflavin 
daily after a depletion period of 24 days (Table IV). The riboflavin con- 
centration in the liver increased slightly over a period of 24 hours; a signifi- 
cant rise was found only after 48 hours. In contrast, the thiamine concen- 
tration in the liver showed a considerable decrease during the first 24 hours. 

Vitamin B Complex Deficiency—In these experiments animals were main- 
tained on the vitamin B complex-deficient basal Diet 18 supplemented 
daily with 5 mg. of choline only. This depletion in B vitamins produced a 
rapid decrease in the thiamine concentration of the liver (Table V). After 
30 days thiamine levels of 0.2 y per gm. were found, values comparable 
to those observed in thiamine deficiency alone (Table III). The riboflavin 
concentration, however, decreased only slightly during the first 3 weeks 
and still averaged 15.1 y per gm. after 30 days. In contrast, animals 


TABLE V 


Effect of Depletion in All B Vitamins (Except Choline) upon Concentration of Thiamine 
and Riboflavin in Liver 















































mF Days | Body weight | Thiamine® | Riboflavin 
Diet 18 ani- on 

| mals | diet a Range —_ Range Average Range 

| gm. gm. = y per gm. YY ~4 y per gm. 
Deficient... .. eS 22 38 29- 47 | 0.4 0.2-0.9 18.6 | 12.2-25.6 
Control...... teeta 22 90 87- 96 3.1 2.4-3.7 | 19.4 | 16.1-21.4 
Deficient....... 3 30 38 | 35- 40 / 0.2) 0.2-0.3 | 15.1 | 12.1-17.6 
Control........ 2 30 | 137 | 135-138 | 2.4 | 2.3-2.4 | 21.5 | 20.8-22.2 





* We are indebted to Dr. D. M. Tennent for these thiamine values. 


depleted in riboflavin alone showed, after 24 days, a much lower level of 
riboflavin; namely, 10.3 y per gm. (Table IV). 


DISCUSSION 


The riboflavin concentration in the liver was found to be significantly 
increased in thiamine-deficient rats, and riboflavin-deficient rats had an 
increased concentration of thiamine in the liver. Furthermore, withdrawal 
of all B vitamins except choline resulted in a rapid loss of thiamine, but the 
level of riboflavin in the liver remained relatively stable for a long period. 
On the other hand, the level of thiamine and of riboflavin in the liver of 
animals severely depleted in pyridoxine, pantothenic acid, or biotin failed 
to show significant deviations from that of control animals receiving ade- 
quate amounts of these vitamins. 

The increase in riboflavin in the liver of thiamine-depleted rats amounted 
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to 50 per cent over that of controls, whereas the thiamine concentration in 
riboflavin-deficient livers was up to 100 per cent higher than in control ani- 
mals. The increase of either thiamine or riboflavin was not due to inani- 
tion, since isocaloric feeding of the control animals failed to increase the 
vitamin content of the livers. Nor can the increased vitamin content be 
explained by a change in moisture content of the organ, since no significant 
differences in water content were observed between deficient and control 
animals. The relative size of the liver was considerably decreased in defi- 
cient animals; the ratio of 4.0 to 5.0 between liver weight and kidney 
weight in normal animals was reduced to 2.5 to 3.5 in severely deficient 
animals. However, diminution in liver size appears not to be responsible 
for the selective increase in thiamine or riboflavin, since a oomparable 
shrinkage of the liver in rats severely depleted in other B vitamins was 
not associated with significant changes in thiamine or riboflavin content. 

Our results do not support the postulation of Sure and Ford (7) that 
riboflavin deficiency might result from poor utilization of riboflavin in 
thiamine deficiency. On the contrary, our thiamine-deficient rats had 
more riboflavin available than controls, and the feeding with thiamine 
resulted in a dispersal of the excess riboflavin from the liver. 

Ferrebee and Weissman (8) using adult rats did not observe a significant 
change in the riboflavin concentration of the liver of adult rats maintained 
on a thiamine-deficient diet for a period of 4 weeks. On the other hand, 
in a recent paper by Schweigert, McIntire, and Elvehjem (14) protocols 
are published from which it is evident that the thiamine concentration in 
the liver is appreciably higher in rats receiving 8 y of riboflavin than in 
others receiving 60 y of riboflavin per day. For instance, the average 
thiamine values reported on a high carbohydrate-low riboflavin diet are 
14.5 y per gm. of dry weight as compared to 7.6 y on a high carbohydrate- 
high riboflavin diet, differences which are quite comparable to our findings. 


SUMMARY 


In young rats depletion in thiamine was found to increase the concen- 
tration of riboflavin in the liver above that of control animals. In ribo- 
flavin deficiency, the thiamine concentration of the liver was higher than 
in control animals. 

The concentrations of thiamine and riboflavin in the liver of rats defi- 
cient in pyridoxine, in pantothenic acid, in biotin, or in vitamin A were 
not significantly different from those of litter mate controls maintained on 
adequate amounts of these vitamins. 

The results are interpreted as evidence of an interdependence of thiamine 
and riboflavin. 
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Several authors have investigated the réle of liver in estrogen metabolism. 
Liver slices from dogs, rats, and mice have been found by Zondek and 
Sklow (1) and by Heller (2) to metabolize estrogens in vitro. Perfusion 
experiments on isolated organs have been performed by Israel et al. (3). 
Perfusion of estrone through a heart-lung preparation did not result in 
inactivation. However, when the liver was introduced into the circulatory 
path, estrogen was rapidly destroyed. Further evidence of the réle of the 
liver in estrogen metabolism has been advanced by Biskind and Mark (4). 
They implanted a pellet of estrogen in the spleen of a castrate rat. No 
estrogenic effect was observed as long as the spleen remained connected 
with the portal circulation. However, when the spleen was transplanted 
and its venous blood flowed directly into the systemic circulation, the estro- 
genic effect of the implanted hormone became apparent. 

Using a similar technique, Biskind and Biskind (5) and Biskind and 
Shelesnyak (6) demonstrated an interrelationship between vitamin B 
complex deficiency and the production of experimental estrus by estradiol. 
Biskind and Biskind implanted a pellet of estrogen in the spleen of castrate 
female rats maintained on a diet low in B vitamins. The implanted hor- 
mone was not inactivated, as shown by the occurrence of protracted estrus. 
Castrate femalé’ fats maintained on a complete diet, however, remained in 
anestrus after similar implantation. Biskind and Shelesnyak carried out 
another series of experiments in rats in which one ovary was removed and 
the other transplanted into the spleen. Thus all the blood flowing through 
the ovary entered the portal circulation. These animals showed signs of 
estrus when maintained on a diet deficient in the vitamin B complex, 
whereas the controls fed a normal diet failed to do so. 

The present paper deals with the effect of deficiencies of individual known 
members of the B complex and of vitamin A on the ability of rat and mouse 
liver slices to inactivate estradiol. 

Production of Deficiencies—The rats employed in studying the various 


* This work was carried out with the aid of a grant from the Nutrition Foundation, 
Ine. 
79 








80 ESTRADIOL INACTIVATION 


deficiencies were males and females from two strains. They were all started 
when 21 to 28 days of age. In order to produce thiamine, riboflavin, 
pyridoxine, and pantothenic acid deficiencies, animals were placed on a 
purified vitamin B complex-free basic diet (Diet 18) consisting of casein 
(vitamin-free) 18 per cent, dextrose 68 per cent, salt mixture, U.S. P. XI 
No. 1, 4 per cent, hydrogenated vegetable fat (Crisco) 8 per cent, and cod 
liver oil 2 per cent. The animals were given a daily supplement, fed by 
stomach tube, of the following synthetic materials (values expressed in 
micrograms): thiamine 40, riboflavin 80, pyridoxine 40, calcium panto- 
thenate 200, nicotinamide 500, and choline chloride 5000. In addition 
all animals received 5 mg. of a-tocopherol dissolved in ethyl laurate once 
a week. In order to produce any given deficiency, the respective vitamin 
was omitted from the daily supplement. The diets employed in producing 
biotin- and vitamin A-deficient animals, as well as other diets used for 
producing thiamine deficiency, are reported by Singher eft al. (7). The 
estradiol-inactivating ability of the liver showed the same dependence on 
liver vitamin level irrespective of the diet employed in producing the 
deficiency. 

Rats or mice were maintained on the respective diets until sacrificed. 
The animals were killed at various stages from the appearance of the first 
signs of deficiency until very severe symptoms were apparent. In several 
cases the animals were already near death due to the deficiency. 

In experiments dealing with the level of riboflavin essential for estradiol 
inactivation large groups of animals were maintained on the deficient diet 
until gross signs of deficiency became apparent. Some of these animals 
were sacrificed immediately, while the other members of the groups were 
given 160 y of riboflavin daily and sacrificed at various intervals until liver 
riboflavin values approached the normal. 

Inactivation Technique—When the animals were sacrificed, the livers 
were immediately removed and sliced into Ringer-phosphate solution. 
Preliminary experiments with normal rats had demonstrated that 100 mg. 
of slices were just adequate for the inactivation of 3 y of estradiol in the 
incubation period of 2 hours. This was considered the oxidative threshold 
for estradiol under our conditions. This amount of tissue was weighed 
into the main well of Warburg vessels which contained 2 cc. of Ringer- 
phosphate solution and 0.2 cc. of 20 per cent KOH in the center well. 
There was then added to the main vessel 0.01 cc. of a solution containing 
3 y of estradiol! with a Guthrie pipette controller and a 0.02 cc. pipette. 
The flasks were then incubated, with continuous shaking, at 37.5° for 2 
hours and the respiration of the tissue observed. Only those experiments 


1We wish to express our thanks to Dr. Schwenk of the Schering Corporation, 
Bloomfield, New Jersey, for the generous gift of the estradiol employed. 
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which showed actively respiring tissue were included in the final results. 
At the end of the 2 hour period the tissue was immediately removed from 
the vessel. The fluid in the Warburg vessels was then transferred and the 
vessels were rinsed several times with equal volumes of distilled water. 
The tissue, fluid, and washings were combined and placed in a boiling 
water bath for 10 minutes. The heat-inactivated material was then 
homogenized and made up to a volume such that 3 cc. could contain no 
more than 0.4 y of estradiol. 

Assay Method—This material then was injected into immature Sprague- 
Dawley female rats and assayed for estradiol content by the uterine growth 
method by the technique of Lauson ef al. (8). 

Vitamin Determination—For the determination of riboflavin 200 to 400 
mg. of fresh liver were dried on filter paper, weighed, and homogenized with 
0.25 m sulfuric acid. This was transferred quantitatively with more acid 
to a small beaker and hydrolyzed in boiling water for 20 minutes in the 
dark. The hot suspension was diluted and neutralized with a saturated 
solution of disodium phosphate. This was filtered in the dark and made 
up to a volume of 50 cc. The final dilution was read in the fluorophotom- 
eter against a standard of pure riboflavin according to the method of Hodson 
and Norris (9). 

In the thiamine determinations sufficient fresh or frozen liver was em- 
ployed to yield 5 y of the vitamin, whenever possible, in the final aliquot. 
This tissue was homogenized in 0.1 N sulfuric acid and the pH then adjusted 
to 4 to 4.5. 300 mg. of taka-diastase were then added to this solution and 
the mixture incubated for 2 hours. This was then centrifuged, the precipi- 
tate washed with water, and the thiamine in the combined centrifugate 
and washings determined by the method of Hennessy and Cerecedo (10). 


Results 


The values reported in Tables I to IV for vitamin content are expressed 
as micrograms per gm. of wet weight of liver. 

The plus and minus signs in the estradiol inactivation columns repre- 
sent inactivation or the failure of inactivation of the added estradiol by 
liver slices. Plus signs represent an estradiol content, after incubation, of 
less than 0.9 y. Minus signs represent material containing 2 7 or more of 
estradiol. Assays yielding 0.9 to 2 y are given as (+) since they represent 
a diminution of at least 50 per cent in the original estrogenic activity. 

As shown in Table I, the reduction of the riboflavin content of rat livers, 
which occurs after approximately 3 weeks on the deficient diet, is associated 
with a loss of the estradiol-inactivating ability. The animals showed, in 
the later stages of this deficiency, the gross morphological changes associ- 
ated with riboflavin depletion. Further data on riboflavin-deficient ani- 
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mals are included in Table II. From the values in both tables, it is 
apparent that under these experimental conditions a riboflavin level of 13 
to 14 y per gm. of liver is essential for estradiol inactivation by liver slices. 
Further, the activity, presumably enzymatic, lost by depletion can be 
restored by the feeding of the vitamin. The restoration of activity in these 
deficient animals following the administration of riboflavin is relatively 
slow and parallels the slow rise in the liver riboflavin content. 

The effects of thiamine deficiency (Table III) demonstrate the depend- 
ence of estradiol inactivation, by liver slices, on the liver content of this 


TABLE I 


Ability of Liver Slices from Riboflavin-Deficient Rats to Inactivate Estradiol 


Riboflavin 














Days on diet a No. of rats i eran a 
Average Range 
Y per gm. y per gm. | 
12 17.8 15.4-19.4 | 5 5+ 
19 | 11.9 mo =. | 4 nn 
28 | ade ee 12.6-13.5 | 3 = 
35 | 12.6 10.7-15.2 | 3 | tt. 
48* | 15.4 15.3-15.4 2 2+ 
48 15.3 | | I | 1+ 
48 | 8.8 | 7.4-10.2 | 2 2— 
57 3 3— 

61* 4 3-, 1+ 
67 | | 5 4—, I+ 
Controls fed riboflavin 
12-48 23.2 | 18.6-28.8 | 9 | 9+ 
57-67 | 9 | 9+ 


* Received 2.5 y of riboflavin daily. 
vitamin. With a method of thiamine determination by which there is no 
differentiation between the free and combined forms of the vitamin, it was 
found that the thiamine content would return to the normal values in a 
period of not more than 2 hours under our conditions. The estradiol- 
inactivating ability was restored in the same period. The data on vitamin 
B complex deficiencies in the rat (Table IV) reflect changes mainly in the 
thiamine content. The failure of the liver to inactivate estradiol appears 
to be due to the loss in thiamine. Mouse liver slices, from mice depleted 
in riboflavin, thiamine, or the whole vitamin B complex, react in an entirely 
analogous manner to that of the rats (Table V). 
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Rat Liver Riboflavin Level Essential for Estradiol Inactivation 







































































F-* ‘Total Riboflavin in liver by 
Experi- Days on ribofavin-f ree | a ied over Ne. of io. atte te 
i cepletion Average Range estradiol 
sacrificing 
Y y per gm. 7 per gm. 
A 23 (Controls) 0 0 19.0 18.2-19.9 2 2+ 
23 0 0 13.3 12.5-14.1 2 2- 
23 2 320 12.2 11.1-13.3 2 1+, 1- 
23 (Controls) 6 960 20.9 | 20.3-21.5 2 2+ 
23 6 960 13.9 12 -16.7 3 3+ 
B 24 (Controls) 0 0 20.3 16.4-24.8 3 3+ 
24 0 0 10.3 8.8-11.2 5 5- 
24 (Controls) 1 160 21 18.2~23.8 2 2+ 
24 1 160 10.8 9.3-12.6 5 5- 
24 (Controls) 2 320 20.6 | 20.2-21.0 2 2+ 
24 2 320 15.1 14.8-17.3 5 5+ 
24 (Controls) 2 320 22.6 1 1+ 
24 2 320 15.3 12.7-17.9 2 1+, 1+ 
C 42 (Controls) 0 0 24.2 | 24.1-24.2 2 2+ 
42 1 160 Pp 6.4- 7.8 3 3— 
42 (Controls) 4 640 25.4 | 23.5-27.4 2 2+ 
42 4 640 12.7 | 12.5-12.9 2 1—, 1+ 
42 4 640 17.7 1 1+ 
Tas III 
Ability of Thiamine-Deficient Rat Liver Slices to Inactivate Estradiol 
Thiamine No. able to 
Days on diet No. of rats inactivate 
Average Range aa 
Y per gm. 7 per gm. 
13 1.3 | 0.86-2.6 6 4—, 2+ 
28 | 4 4— 
26 0.4 0.0 -0.8 4 3—, I+ 
26 0.28 0.16-0.46 4 4- 
24 2 2-- 
32 2 2-— 
30 0.34 0.23-0.43 4 4— 
Controls fed thiamine 
13-30 3.9 2.0 -5.8 10 10+ 
24-32 8 8+ 
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In a study of the vitamins that were found to be without effect on 
estradiol metabolism, under those conditions, animals were kept as long 




















TaBLe IV 
Ability of Liver Slices from Vitamin B Complezx-Deficient Rats to Inactivate Estradiol 
ene Thiamine* Riboflavin No. able to 
on Get — ee oe ee No. of rats inactivate 
Average Range | Average Range estradiol 
- —E — a aa — 
y per gm y per gm. | y pergm. | y per gm | 
22 0.4 0.2-0.9 18.9 12.2-22 9 5-—, 4+ 
30 0.2 0.2-0.3 15.1 12.1-17.7 3 2—, lt 
Controls fed all B vitamins 
22-36 3.6 2.3-8.3 21.5 16.1-27.8 6 | 6+ 


| 


* We are indebted to Dr. D. M. Tennent for these thiamine analyses. 
TABLE V 


Inactivation of Estradiol by Mouse Liver Slices 


No. able to 











Deficiency Days on diet No. of animals | j activate estradiol 
Riboflavin. ..... 15 2 2+ 
Thiamine....... cde 15 2 2— 
Vitamin B complex. . és 15 3 9+, 1- 
Riboflavin...... 20 3 2—, 1+ 
Thiamine.......... ,; 20 2 2— 
Controls (receiving all B vitamins) 15-20 5 5+ 





TaBLe VI 
Inactivation of Estradiol by Liver Slices from Rats with Various Deficiencies 











! 
No. of rat livers able 


Deficiency Days on diet No. of rats to inactivate entundel 
Pyridoxine. . Te? 46-49 | 13 13+ 
controls...... eof 46- 49 5 5+ 
Pantothenic acid ......... ; 35- 43 OC 22 19+, 34 
- ** controls..... ' 35- 43 ll 10+, 1+ 
Biotin........ eR OPES ave 35- 68 | 7 5+, 24 
“  eontrols.......... ee | 348 | 4 | 4+ 
I ee os sesceee) 4-186 | ll 10+, 1+ 
7 GREED. .. 0 000. se dedenid | 48-136 ll 11+ 





as possible, in many cases until near death, on the deficient diet. With 
these “ineffective” vitamins (Table VI) animals, especially in late stages 
of deficiency, showed, markedly, the gross symptoms associated with the 











. ite Beet 2 


a _- 


cD> 


— > i 














SINGHER, KENSLER, TAYLOR, RHOADS, AND UNNA 85 


particular deficiency. In this category of “ineffective” vitamins are 
pyridoxine, pantothenic acid, biotin, and vitamin A (Table VI). 

Both male and female rats have been included in the various groups of 
deficient animals. These have reacted similarly in all cases, indicating 
that sex does not play any essential réle in estradiol inactivation in liver 
slices. There does not appear to be any difference in estradiol-inactivating 
ability in liver within 26 to 154 days. 

The effect of restricted protein intake upon estradiol-inactivating ability 
is under investigation as well as a more detailed investigation of the enzyme 
systems involved. 


DISCUSSION 


Our results clearly demonstrate that, of the vitamins tested, riboflavin 
and thiamine are essential in the metabolism of estradiol by liver slices. 
The inactivation of estradiol is dependent upon the concentration of these 
vitamins in the liver. 

In view of the work of Westerfeld (11) on chemical oxidation of estrogens 
and of his work (12) on its oxidation by tyrosinase, it seems possible that 
these vitamins may be involved in estrogen metabolism through their réle 
as members of an oxidative enzyme system. The recent report by Schiller 
and Pincus (13) of the recovery of various estrogenic materials of lower 
potency after the perfusion of estradiol through heart-lung-liver prepara- 
tions is not inconsistent with such a hypothesis. Any oxidation or reduc- 
tion product of the estrogenic material, whether active or inactive, would 
fit equally well into any scheme involving the vitamins as members of such 
a metabolic system. 

The presence of excess free estrogen may be associated with a number of 
clinical syndromes. A relation of those manifestations to nutritional 
deficiency is supported by the work of Biskind and our findings. In this 
connection it is interesting to note that Ashworth and Sutton (14) have 
reported that estrogens either increase the demand for or suppress the 
utilization of members of the vitamin B complex in human patients. 
Biskind, Biskind, and Biskind (15) have recently presented evidence that 
certain gynecological conditions are associated with nutritional deficiencies 
and respond to vitamin B complex therapy. 


SUMMARY 


Liver slices from riboflavin- and thiamine-deficient rats are unable to 
inactivate estradiol under conditions in which slices from controls on the 
same diets, but receiving adequate amounts of these vitamins, possess this 
activity. This loss of inactivating ability parallels the change of ribo- 
flavin and thiamine content in the liver. Pyridoxine, pantothenic acid, 
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biotin, and vitamin A deficiencies have no effect on estradiol in-ctivation 
under the same conditions. 
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THE PROTEIN-FORMALDEHYDE REACTION 
I. COLLAGEN 
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Bethlehem) 
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A careful study of the literature relating to the reaction between the 
fibrous proteins and formaldehyde suggests that some divergence of opinion 
exists. Harris (11) and Birch and Harris (4) in 1930 showed that the 
titration of amino acids, with hydrochloric acid in the presence of formal- 
dehyde, is not affected, while the titration with sodium hydroxide is 
markedly affected. Harris explained this phenomenon as the repression 
of acidic groups upon acid titration and the repression of basic groups upon 
alkaline titration. 

Using the zwitter ion concept of Bjerrum (5), we would then not expect 
formaldehyde addition to affect in any way the acid titration of a protein, 
while we would expect it to influence the alkaline titration, since in the 
alkaline zone the formaldehyde undoubtedly reacts in some manner with 
the available free and uncharged amino groups. Thus, this concept would 
lead us to expect little or no shift in the isoionic point of the protein upon 
treatment with formaldehyde. . 

Tomiyama (26) believes the anionic form of the amino acid reacts with 
the formaldehyde. He also considers the protein-formaldehyde reaction 
in terms of the electronic theory. He pictures the formaldehyde as a 
dipolar molecule, *CH,O-, and since the amino or imino group of the 
anionic form of the amino acid has 2 unshared electrons, the two compo- 
nents react to give the accompanying formula. 


H H 
C:N: + *CH,O- —~> O:N:CH,O 
H H 


Levy and Silberman (15) have shown mathematically from their studies 
that 2 molecules of formaldehyde combine with 1 molecule of amino acid. 
Bergmann et al. (3) have isolated a triformyl compound and further shown 
that the triformy] derivative changes to the monoformyl upon addition of 
alkali. 

Reiner and Marton (16) postulated the following reaction between pro- 
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tein and formaldehyde,’ 


: NH, -CH,0 
Nis . . 


R \ + CHO > R 
Coo COOH 


the aldehyde being held to the amino group by secondary valence. LEin- 
hour (8) showed that the acid amides fix formaldehyde and suggested the 
following reaction, R—CONH; + CH:O — R—CONH-CH;OH. Cher. 
buliez and Fier (7), and later Bergmann, found that diketopiperazines react 
with formaldehyde, taking up 2 molecules of the aldehyde. 


NH 
ee N—CH, OH 
\ y H;C C=O 

NH 
N—CH,0OH 


Levy and Silberman (15) have taken exception to the interpretations of 
Tomiyama, maintaining that he made no distinction between amino and 
imino groups. Balson and Lawson (2) have suggested that the number of 
formaldehyde groups which can be introduced corresponds to the number 
of hydrogen atoms attached to the nitrogen atom and have therefore 
proposed Reactions 1, 2, and 3. 


(1) =NH + CH,O0 — =N-CH,OH 
(2) —NH, + CH,;O — —NH-CH;OH 
CH,OH CH,0 
(3) --NH-CH,OH + CH,O ~ —N + CH,O ~ —N CH; 
\ / 
CH,OH CH,0 


Stiasny (17) has suggested that formaldehyde reacts with gelatin in pos- | 


sibly two ways, in one, with the basic groups, changing them to neutral ones, 
and in the other, with the imino groups of the peptide linkage. He sug- 
gests that the first reaction proceeds through an intermediate formation of 
a triformyl derivative which then changes to the monoformyl. In the 
second reaction, Stiasny postulates a binding of the formaldehyde with 
the weakly basic imino groups, forming methylol compounds, 


R—CO—NH—R’ + CH(OH); — R—CO—N—R’ + H,0 
CH,OH 
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Stiasny further suggests that the free amino groups of the gelatin react 
rapidly, while the peptide groups only do so gradually. He believes that 
the action of the formaldehyde on the basic groups is such that not only the 
acid and base fixation capacity is influenced but also that of the fixation 
of tanning materials and dyes. 

Since 1936 a number of papers, dealing with the reaction of the fibrous 
proteins and formaldehyde, have appeared in the literature. Theis and 
Schaffer (24) studied the collagen-formaldehyde reaction through a quanti- 
tative measurement of the breakdown of the internal structural forces as 
indicated by the change in “shrinkage” temperature. This work was fol- 
lowed by several additional papers (23, 22, 20, 19) relative to the actual 
fixation of formaldehyde by collagen. In 1939 Highberger and Retzsch 
(12) and in 1940 Highberger and Salcedo (13) investigated this reaction 
in a comprehensive manner. Bowes and Pleass (6), Holland (14), and 
Gustavson (10) have also studied this reaction in recent years. 


EXPERIMENTAL 


Specially prepared collagen material was used for the experiments. The 
preparation of the collagen has been previously described (21). 2 gm. 
samples of the collagen were placed in bottles together with 200 ml. of 
0.1 n KCl solution made 1 per cent with respect to formaldehyde and then 
the series of samples was adjusted to definite hydrogen ion concentrations 
with either hydrochloric acid or sodium hydroxide. The range covered 
was from pH 1.0 to 13.0. The bottles and contents were placed in a thermo- 
stat maintained at 20° for 72 hours. At stated periods, the samples were 
agitated in order to promote equilibrium. After the 72 hour period the 
pH at equilibrium was determined by means of a Beckman glass electrode 
assembly; the protein material was removed and pressed several times 
between blotting paper at 10,000 pounds per sq. in. It has previously 
been shown that such pressure removes the free water and any free electro- 
lyte for all practical purposes. We, therefore, have assumed that all free 
formaldehyde is correspondingly removed, leaving behind only that which 
is firmly bound to the protein itself. After being pressed, the protein- 
formaldehyde compound was allowed to dry in air, and was then ground 
in a small Wiley mill to a 60 mesh powder. The material was then ready 
for analysis for nitrogen, for bound acid or base, and for fixed formalde- 
hyde. The method used for the determination of formaldehyde is that 
of Highberger and Retzsch (12) described elsewhere. The methods used 
for the nitrogen and for bound acid or base have been previously de- 
seribed (21). 

Fig. 1 shows the data obtained. The series of curves may be inter- 
preted as follows: 

Curve A represents the regular acid or base fixation for the particular 
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Fic. 1. Showing the acid, base, and formaldehyde bound by collagen treated 
with different amounts of formaldehyde over a wide pH range. 


native collagen used, showing a maximum acid fixation of 0.87 milliequiva- 
lent per gm. of protein, a maximum base fixation of 0.38 milliequivalent, 
an isoionic point at pH 6.5, a plateau in the pH range 7.0 to 9.0 indicative 
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of the back titration of histidine and of such a-amino groups as may be 
present, and a sharp point of inflection at pH 10.0, beginning the back 
titration of the e-amino groups of lysine. This curve is identical in trend 
with those given in earlier work with the exception of the isoionic point 
which in this case is somewhat more acid. 

Curve B represents the titration curve of the collagen-formaldehyde 
compound formed by the reaction of the collagen in a 1 per cent formalde- 
hyde solution. This curve is identical with Curve A in the pH range 0.8 
to9.0. There is no indication of a shift in isoionic point. In the pH range 
9.0 to 11.0 more base is fixed than is the case for the native collagen, indica- 
tive of the reaction between the e-amino groups of lysine and formaldehyde. 
Curves A and B merge at pH 12.0 and approach a maximum value. 

Curve C represents the acid or base bound by the collagen-formaldehyde 
compound formed in a 5 per cent formaldehyde solution. This curve is 
also identical with that of Curve A in the pH range 0.8 to 7.0 and definitely 
shows no shift in the isoionic point of the collagen. However, owing to 
the large excess of formaldehyde present during the reaction, more base is 
fixed in the pH range 7.0 to 9.0. 

Curve D represents the formaldehyde fixed by collagen in a 1 per cent 
formaldehyde solution over a wide pH range. These data indicate about 
0.15 milliequivalent of formaldehyde fixed at pH 1.0, thereafter increasing 
almost as a straight line function to 0.43 milliequivalent at pH 6.5 or at 
the isoionic point. At the isoionic point, there is a very definite break in 
the curve, the fixed formaldehyde increasing to approximately 0.5 milli- 
equivalent and then remaining essentially constant from pH 7.0 to 9.5. 
At pH 9.5 there appears another break, the fixed formaldehyde increasing 
sharply at this point and continuing up to pH 11.5, at which point approxi- 
mately 0.87 milliequivalent of aldehyde is bound. An apparent break in 
the curve occurs at pH 11.5, indicative of another reaction. 

Curve E represents the formaldehyde fixed by collagen from a0.25 per cent 
aldehyde solution. The curve shows a marked break at pH 9.5 and only a 
slight indication of a plateau region, but gives approximately the same 
aldehyde fixation at pH 12.5 as does Curve D. 

Curve F represents the formaldehyde fixed by collagen from the 0.5 
per cent solution. This curve shows a slightly lower aldehyde fixation in 
the acid zone compared with Curve D, a plateau in the pH zone 8.0 to 
9.5, and approximately the same aldehyde fixation as is shown by Curve 
D at pH values greater than 9.5. 

Curves G, H, and I represent formaldehyde fixation by collagen at the 
higher concentrations of formaldehyde; i.e., the 2, 3, and 5 per cent formal- 
dehyde solutions. Curves G and H show a definite point of inflection and 
even indications of a plateau in the pH range 6.5 to 8.5. These curves 
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show a decided increase in aldehyde fixation at pH 12.0. Curve I shows 
a much greater aldehyde fixation in the acid zone, with a definite point of 
inflection at pH 7.0 and a maximum value of 1.6 milliequivalents of formal. 
dehyde fixed at pH 12.0. Curves G, H, and I all show a definite decrease 
in aldehyde fixation at pH values greater than 12.0, possibly due to decrease 
in formaldehyde concentration because of the Cannizzaro reaction of form- 
aldehyde itself at strong alkaline reactions. 


DISCUSSION 


Highberger and Retzsch, in explanation of their data, claim it is signifi- 
cant that the break, at pH 7.0 to 8.0 in their pH formaldehyde fixation 
curves, occurs at a formaldehyde fixation slightly over 0.4 mM per gm. of 
collagen. This value, they claim, is close to the amount of lysine believed 
to be present in collagen. These investigators state that this particular 
break represents the equivalence point in the reaction of 1 molecule of 
formaldehyde with each free amino group provided by the lysine residues 
and, therefore, a prior: this is indicative that only the undissociated amino 
groups are involved in the reaction. They further postulate that the 
increase in formaldehyde fixation at pH values greater than 8.0 represents 
fixation with the stronger basic guanidino groups of arginine. This argu- 
ment is advanced in spite of the fact that the pK; values of arginine and 
lysine are 12.5 and 10.5 respectively. They also point out that greater 
concentrations of formaldehyde cause a reaction between the excess formal- 
dehyde and the imino linkages owing to their lesser basicity. 

The experimental data given in this paper are not in line with those 
obtained by either Highberger and Retzsch or by Bowes and Pleass. High- 
berger and Retzsch show a possible but indefinite plateau zone in the pH 
range 7.0 to 8.0, while the writer shows a clearly defined plateau in the pH 
zone 6.9 to 9.4. The explanation given by Highberger and Retzsch is 
that at the particular break in the curve the e-amino group of lysine has 
completely reacted with formaldehyde. The data given herein do not in 
any way support such an interpretation. The data given by Bowes and 
Pleass show a well defined maximum at pH 1.5, a minimum at pH 3.5, a 
constant fixation or plateau region at pH 5.0 to 11.0, a slight depression in 
fixation at pH 11.0, which they claim is real, and a sharp increase in fixa- 
tion at pH 12.0. The data obtained by Highberger and Retzsch and by 
Bowes and Pleass are quite different from those given by us. The differ- 
ence is due undoubtedly to the experimental methods used. After treating 
the collagen with formaldehyde, Highberger and Retzsch thoroughly 
washed the collagen-formaldehyde compound either with water or with 
dilute sodium bisulfite solution. The writer believes that this washing 
gave rise to erroneous and erratic results and that the final picture as 
obtained by Highberger and Retzsch does not represent the true one. 
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It must be borne in mind that the protein-formaldehyde reaction is a 
reversible one, the protein-formaldehyde compound being readily affected 
by any changes in hydrogen ion concentration, formaldehyde concentration, 
or other external conditions. That this is true can be readily seen from 
Table I, which shows the change in fixed formaldehyde of the collagen- 
formaldehyde compound formed in a 1 per cent formaldehyde solution at 
pH 11.0, (a) when it is placed in water at pH 8.0, (6) when it is placed in 
water at pH 2.0, and (c) when it is heated at 105° for 12 hours. These data 
show definitely that the collagen-formaldehyde compound is to a large 
extent reversible. Therefore, washing the compound after treatment with 
water can only yield erroneous values for fixed formaldehyde. 

As an interpretation of the data given in Fig. 1, the writer suggests that 
in the pH range 1.0 to 6.4 the formaldehyde reacts with the slightly basic 


TaBLe I 
Formaldehyde Fixation Reversibility 











| CH:0* H* or OH-* 
NN gS ee ee Er & 0.85 | —0.33 
- ** «© 11.0, then placed in water at pH 8.0......! 0.47 | —0.11 
ce ce ce 11.0, ‘< ce “ce cc “e ‘e 2.0. Fig | 0.29 +0.94 
x <-4 HD *:: bebe eh a cc ere 0.70 —0.34 














* 1 per cent CH,0 at pH 11.0 for 72 hours. 
¢ Millimoles of CH,O, H*, or OH™ fixed per gm. of collagen. 


imino groups present in the peptide chains in such a manner as to form 
linkages or bonds between the polypeptide chains. 


\ 


In this manner additional cohesive bunds or bridges are built up, thus 
giving increased resistance to contraction or shrinkage. At pH 6.4, formal- 
dehyde reacts with histidine, giving rise to the plateau zone at pH 6.9 to 
9.4. The writer is well aware that there exists some difference of opinion 
whether the imidazole group of histidine reacts with formaldehyde (9). 
However, the present investigation appears to lend support to the view 
that such a reaction may take place, since in this particular pH range 
histidine is normally titrated back, as can be seen from a study of the 
acid-base binding data for collagen. As the pK; value of lysine is ap- 
proached, we might expect the e-amino group of lysine as it changes from 
—NH;*+ to —NH, to react with formaldehyde. This appears to be the 
fact, as a study of Curve D, Fig. 1, shows that at pH 9.2 increasing formal- 
dehyde fixation occurs. This increase is positive and approaches a defi- 


4 
NHHN + CHO-> N—CH:—N + H0 
\ 
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nite point of inflection at pH 11.5. The increase in formaldehyde fixation 
between pH 9.2 and 11.5 is about 0.40 ma per gm. of collagen and approxi- 
mates the lysine content (0.38 mm per gm.) of collagen. Such data and their 
interpretation indicate that the very basic guanidino group of arginine does 
not react to any great extent in the pH range studied. The writer believes, 
however, that if it were possible to study the reaction of collagen with 
formaldehyde at pH values greater than 12.0 we would find a further 
increase in formaldehyde fixation; 7.e., a binding with the guanidino group 
of arginine. The Cannizzaro reaction prevents such an investigation. 

Curve I (Fig. 1) represents data secured when a large excess of formalde- 
hyde is present during the reaction. These figures show that in the pH 
range 1.0 to 7.0 formaldehyde fixation is increased and must be due toa 
mass action effect, the aldehyde in all probability combining with a greater 
number of the weakly basic imino groups of the polypeptide chain. In 
the pH range 7.0 to 12.0, about 0.80 mm of formaldehyde has become fixed, 
This value represents approximately twice the lysine content of collagen 
and thus leads us to believe that 2 molecules of formaldehyde are fixed by 
each undissociated amino group of lysine, 


CH,OH 
—NH, + 2CH,O — —N 
CH,OH 


forming a dimethylol compound. Curves G and H, representing data for 
the collagen-formaldehyde compound formed upon treatment of collagen 
with 2 and 3 per cent formaldehyde solution, show in general the same 
trend. These two curves merge with Curves D and F at pH values less 
than 6.0, show a plateau at pH 6.5 to 9.0, and a sharp increase in formalde- 
hyde fixation up to pH 12.0. Curve E represents data for the collagen 
treated with 0.25 per cent formaldehyde solution and shows only a slight 
indication of a plateau zone, but there is a definite indication of reaction 
of formaldehyde with histidine. Curves D, E, and F show approximately 
the same trend and amount of formaldehyde fixed in the pH range 9.5 to 
12.0, indicative of a stoichiometric chemical reaction; 7.e., the fixation of 
1 mole of formaldehyde with each ¢-amino group of lysine. 

In previously published work, Theis ef al. (25) have postulated that, in 


the pH range 1.0 to 6.0, formaldehyde binds with the weakly basic imino | 


groups of the polypeptide chains and not with the e-amino group of lysine. 
It is certainly to be expected that with this preparation of collagen, having 
an isoionic point of 6.4, the basic groups would exist for the most part im 
the charged state at any pH value less than 5.0. Under such conditions, 
the basic groups of lysine and arginine would exist in the charged ioni¢ 
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form and the electronic pair of the nitrogen atom would not be available 
for formaldehyde fixation since it already is coordinated with the hydrogen 
atom. Thus the accompanying reaction should not take place, since in that 


H H HH 
R:N:H + C:0 —— R:N:C:0 + Ht 
H H H H 


case the ability to bind H* ions would be affected. A study of Curve A of Fig. 
1 shows that the H* ion-binding capacity of collagen is unaffected by form- 
aldehyde fixation. The preceding interpretation is supported by Atkin (1). 
In a discussion of his investigation dealing with the deamination of col- 
lagen, he states, ‘‘As a consequence we should expect the part of the curve 
corresponding to the back titration of the basic groups of lysine to dis- 
appear. This is between pH 9.0 and 10.0 and it is evident that in de- 
aminized collagen this part of the curve has disappeared.” In Curves D, 
E, and F of Fig. 1, the part of the curves representing the back titration 
of the lysine has not disappeared. 

Theis and Esterly (20) have in the past used ‘‘shrink temperature” as a 
criterion for protein stabilization. ‘Shrink temperature” has been defined 
as the point at which the increasing disruptive tendencies exceed the dimin- 
ishing cohesive forces; thus the “shrink temperature’’ is actually a measure 
of the structural strength of the collagen expressed in arbitrary units. 
Since x-ray data for collagen have shown that this protein exists in the 
native state as an extended polypeptide chain, it is evident that the chain 
may contract upon itself. Collagen in the moist state shows a shrinkage 
temperature of approximately 58°. If the collagen is treated with reagents 
which enter into combination with its reactive groups, this shrinkage tem- 
perature may decrease or increase. Collagen treated with formaldehyde 
at various pH values shows an increase in shrinkage temperature at prac- 
tically all pH values. Fig. 2 shows such data for this particular collagen. 
Curve A represents the shrinkage temperature of native collagen, merely 
treated with aqueous acid or alkali. This curve indicates a shrinkage tem- 
perature of 57—58° in the pH range 6.0 to 9.5. At pH values less than 6.0 
or greater than 9.5 decreased structural stability is evident. Curve B 
represents data for collagen treated at various hydrogen ion concentrations 
but in this case the acid or base solutions contained 0.5 per cent of form- 
aldehyde. A striking difference is apparent. At all pH values the shrink- 
age temperature has definitely increased. This increase is particularly 
notable at pH values greater than 4.0. There are definite points of inflec- 
tion at pH 7.0 and pH 8.0. Curve C represents data for a 1 per cent 
formaldehyde solution, while Curve D is that for a 5 per cent formaldehyde 
solution. Curve C shows a slight increase in shrinkage temperature over 
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that shown by Curve B and in line with the curves given in Fig. 1. In the 
pH range 1.0 to 6.0, Curve D shows a decided increase in structural sta- 
bility over that shown in either Curve B or C, again in line with formalde. 
hyde fixation data given in Fig. 1. It is to be particularly noted, however, 
that in the zone pH 8.0 to 12.0 all three curves merge. Such trends would 
seem to indicate two different and distinct chemical reactions, the one 
taking place over practically the whole pH range being especially noticeable 
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Fic. 2. Comparison of the shrinkage temperature of native collagen with that of 
formaldehyde-treated collagen. 


on the acid side of the isoionic point, and the other taking place at pH 


values greater than 8.0. This series of curves for shrinkage temperature | 
lends support to the suggestion that, in both the acid and alkaline zones, | 
it is the reaction of formaldehyde with the weakly basic imino groups of | 


the polypeptide chains that gives to the collagen its thermolability as 
measured by the shrinkage temperature. In the alkaline zone, the for- 
maldehyde undoubtedly binds with the free basic groups of lysine in addi- 
tion to the imino groups. 
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the SUMMARY 
Fe The collagen-formaldehyde reaction has been discussed in detail. It has 


been shown that the fixation of formaldehyde with collagen in no way 
ild affects the acid-binding capacity of collagen but does affect the base- 
oot binding capacity. No shift in the isoionic point could be demonstrated 
ble | 98 due to formaldehyde fixation. Correlation between data for shrinkage 
temperature and formaldehyde fixation is shown. 
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THE PROTEIN-FORMALDEHYDE REACTION 
Il. WOOL 
By EDWIN R. THEIS anv M. M. LAMS 


(From the Biochemistry Division, Department of Chemistry, Lehigh University, 
Bethlehem) 


(Received for publication, March 9, 1944) 


In Paper I (4) the collagen-formaldehyde reaction has been discussed. 
In that work it was shown that formaldehyde fixation with collagen in no 
way altered the acid-binding capacity of the protein or the isoionic point. 

In 1942-43, Theis and Jacoby (5, 6) discussed the acid-base-binding of 
collagen and for that work used a technique which they believed gave a 
true picture of the nature of the acid and base binding of this particular 
fibrous protein. This work was then extended to cover the acid and base 
binding of collagen in the presence of formaldehyde. 

Steinhardt and Harris (3) in 1940 studied the combination of wool pro- 
teins with acid and base. For this study they used a highly purified wool 
in contact with hydrochloric acid and with potassium hydroxide. For 
determining the acid or base bound, titration and potentiometric methods 
were used. They found the maximum acid bound to be 0.82 mm per gm. 
and the maximum base bound to be greater than 0.78 mm. They found 
that when salt is present the amount of acid or base bound changes with 
pH gradually, that there is no wide zone in which combination fails to take 
place, and that the point of zero combination occurs sharply at approxi- 
mately pH 6.4. 


EXPERIMENTAL 


For the present study wool, thoroughly degreased through many changes 
of acetone, washed, pressed free from water, and then again dehydrated by 
acetone, was used. 

2 gm. samples of the purified wool were placed in small bottles and 200 
ml. of various concentrations of hydrochloric acid or potassium hydroxide 
solution, 0.1 N with respect to KCl, were then added. The concentrations 
were such that at equilibrium the pH values would vary between pH 1.0 
and 12.0. The bottles and contents were then placed in a thermostat 
maintained at 20° for 72 hours. After equilibrium had been attained, the 
pH was measured by means of a Beckman glass electrode assembly. The 
wool samples were then pressed several times at 10,000 pounds per sq. in. 
ina Carver press. After being pressed, the wool samples were air-dried, 

, ground in a small Wiley mill, and were then analyzed for nitrogen, and 
gy 
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acid and base bound. The methods of analysis have been given elsewhere 
(5). The data are shown in Curve A of Fig. 1 and represent the acid- and 
base-binding capacity of the purified wool. 

In another series of experiments, 2 gm. samples of the purified wool 
were placed in 200 ml. of various concentrations of hydrochloric acid or 
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Fic. 1. The acid- and base-binding capacity of purified wool and the acid, base, | 
and formaldehyde fixation of formaldehyde-treated wool. 


potassium hydroxide solution made 0.1 N with respect to KCl and 1.0 per 
cent with respect to formaldehyde. In all other respects this series of 
experiments was identical with those described in the previous paragraph. 
In addition to the analyses for nitrogen and for acid or base bound, fixed 
formaldehyde was also determined by the method described by Highberger 
and Retzsch (1). These data are shown in Curves B and C of Fig. 1. 
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DISCUSSION 


Fig. 1 pictures the complete data for the acid- and base-binding capacity 
of purified wool, the acid- and base-binding capacity of formaldehyde- 
treated wool, and the formaldehyde fixation by wool over a wide pH range. 
The data may be interpreted as follows: 

Curve A represents the normal titration curve of wool keratin and is 
similar to curves obtained by Steinhardt and Harris. This curve shows a 
maximum acid fixation of about 0.83 milliequivalent per gm. of protein at 
pH 1.0, an isioinic or zero-binding point at pH 6.1, a plateau region at pH 
7.0 to 9.5, binding approximately 0.10 milliequivalent of base in this range, 
a sharp point of inflection at pH 10.5, and at pH values greater than 10.5 
a significantly increased base-binding power. 

Curve B represents the data for the formaldehyde titration curve. This 
curve is identical with Curve A in the pH range 1.0 to 9.5. AtpH values 
greater than 9.5, slightly more base is bound. This curve shows an indica- 
tion of a maximum base binding at pH 12.0. Owing to the tyrosine and 
cystine content of keratin, complications occur in the high alkaline zone and 
somewhat unsatisfactory values for maximum base fixation are obtained. 
For this reason more alkaline solutions were not used in this investigation. 

Curve C indicates the formaldehyde fixed over the pH range studied. 
Up to and including pH 6.0, 0.32 milliequivalent of aldehyde is bound. At 
pH 6.0 an increased binding takes place, rising to 0.4 milliequivalent at pH 
7.0, then remaining essentially constant until pH 10.0 is reached. At pH 
values greater than 10.0, a definite increase. in aldehyde fixation occurs, 
approaching a‘maximum value of 0.82 milliequivalent at pH 12.5. 

Steinhardt and Harris (3) list the reported acidic and basic amino acids 
of wool and these data are shown in Table I. 

The sum of the arginine, lysine, and histidine equals 0.856 mM per gm. 
and the maximum acid bound shown in Curve A is 0.83 mM, well in line 
with the calculated values. This value compares extremely well with that 
of 0.82 mm obtained by Steinhardt and Harris using an entirely different 
method. The data in the pH zone 7.0 to 10.0 are also well in line with the 
results obtained by Steinhardt and Harris. The point for zero binding 
occurs at pH 6.1 as against the value 6.4 obtained by Steinhardt and Harris. 

Since the data shown in this paper were taken only in the pH range 1.0 
to 12.0, the maximum base-binding capacity cannot be determined from 
the curves in Fig. 1. However, up to pH 12.0, the alkali binding is of 
about the same order as that obtained by Steinhardt and Harris. 

Curve B of Fig. 1 indicates that the acid-binding capacity of the wool 
keratin is not affected by formaldehyde treatment. The point of zero 
combination or isoionic point is in no way shifted owing to formaldehyde 


fixation. 
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The data for formaldehyde fixation of wool keratin are of about the same 
order as those obtaining for collagen. Curve C indicates that at a pH value 
corresponding to that of zero acid or base binding the formaldehyde fixation 
curve shows a definite point of inflection. The plateau zone of formalde- 
hyde fixation, pH 6.2 to 9.5, corresponds to a similar zone of base fixation, 
as shown in Curve A. The writers do not believe that the formaldehyde 
fixed in this zone corresponds to a reaction with the e-amino groups of the 
lysine residues, since these groups are fully regenerated only in a pH range 
greater than 11.0. The upward sweep of Curve C at pH 11.0 would seem 
to substantiate this conclusion. 

The calculations of Steinhardt and Harris show about 0.044 mm of 
histidine per gm. of keratin. The increase in fixed formaldehyde between 
pH 6.1 and 8.0 corresponds approximately to 0.05 mm and therefore the 


TaBLe I 
Acidic and Basic Amino Acids in Wool 








per cent | mM per gm. 
1. Aspartic acid a oF tee 7.27 0.545 
2. Glutamic “ Pee, Ayo 15.27 1.035 
3. Amide nitrogen cehaaas 1.37 0.978 
(1) + (2) — @) 0.602 
4. Arginine 1d ae 10.20 0.586 
5. Lysine... ' wae ee ore ew 3.30 0.226 
6. Histidine.... oe ere aad 0.66 0.044 
(4) + (5) + (6) aaa eS 0.856 
(1) + (2) — (3) + (4) + (5) + @).... 1.458 


5.80 0.320 


. Tyrosine 


writer believes that the increased fixed formaldehyde at this point cor- 
responds to a reaction between the imidazole group of histidine and the 
formaldehyde. A similar suggestion has been postulated in a previous 
study dealing with collagen (5, 6). 

The formaldehyde fixed in the pH range 1.0 to 5.0 the writer believes isa 
reaction between formaldehyde and the acid amide groups, or the imino 
groups of the polypeptide chain, or possibly both. This same reaction 
obtains over the entire pH range but is distinctly noticeable in the acid 
zone. At pH values greater than 6.1, in addition to fixation at the imino 
or amide groups, increased fixation occurs as the imidazole group of his- 
tidine gives up a proton and again at pH 10.5 as the e-amino groups of 
lysine are regenerated from their conjugate acid forms through the loss of 
a proton. 

In the specific case of collagen, the formaldehyde fixed between pH 9.5 
and 12.0 corresponded to 1 mole of formaldehyde with each e-amino group 
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of lysine. Such is not the case for the wool keratin in this pH range. A 
greater amount of formaldehyde is fixed (0.42 mm) between pH 9.5 and 
12.0 than the lysine content (0.23 mma) of the wool keratin would account 
for. This is undoubtedly due to a reaction of the formaldehyde with the 
sulfur groups of the keratin as postulated by Ratner and Clarke (2). These 
investigators have shown that for cysteine derivatives formaldehyde may 
react as follows: 


| ws © 
CH, 
| | wate 


' i 

CHNH, + CH,0O — CHNH, — CH—NH 
| | 

COOH COOH COOH 


A reaction of this type might well account for the increased formaldehyde 
fixation over that obtaining for lysine, in the pH range 9.5 to 12.0. 

It appears highly improbable that the guanidino group of arginine reacts 
with formaldehyde to any extent in the pH range studied, since it only di- 
sociates at pH values greater than 12.0. 


SUMMARY 


The acid- and base-binding capacity of purified wool keratin has been 
studied by an entirely different method from that generally used in such 
an investigation. The nature of the curve is similar to the titration curves 
obtained by other investigators. 

The acid- and base-binding capacity of formaldehyde-treated wool 
keratin has been investigated and shows no change in the acid zone or at the 
zro combination point. 

The formaldehyde fixation by wool keratin is given and is somewhat 
similar to that obtained for collagen. An interpretation of the data is 
given. 
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A CONVENIENT METHOD FOR THE PREPARATION OF 
SYNTHETIC XANTHOPTERIN* 


By JOHN R. TOTTER 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Arkansas, Little Rock) 


(Received for publication, March 13, 1944) 


It is now well established that xanthopterin is a hematopoietic substance 
(1-4) probably closely related to vitamin M (3-6), folic acid (7-10), and 
vitamin B, (11). The physiological importance of such a substance makes 
a practical method for its synthesis of considerable interest. 

At the present time there are three methods available for the synthesis 
of xanthopterin but all suffer from serious disadvantages. The original 
Purrmann synthesis (12) is claimed by the author to give a yield of 6 per 
cent in two steps. While such yields have occasionally been obtained in 
this laboratory, the usual yield is only 2 or 3 per cent. Purrmann has 
also published a second method (13) but in this one, as in that of Koschara 
(14), starting materials are used which are not readily available. 

Wieland and coworkers (15) stated that leucopterin, which differs from 
xanthopterin only in having an additional oxygen atom, was unaffected 
by reducing agents. With the synthetic compound (16) it has been found 
in this laboratory that leucopterin is readily reduced by sodium amalgam 
to form xanthopterin and dihydroxanthopterin in excellent yield. Since 
dihydroxanthopterin is always formed under the conditions that have been 
investigated, it was found more convenient to use an excess of reducing 
agent, so that dihydroxanthopterin is the chief end-product. The latter 
compound may be converted to xanthopterin with little loss by oxidation 
with silver nitrate in alkaline solution. Purrmann has previously reported 
the synthesis, by another method, of dihydroxanthopterin and its conver- 
sion to xanthopterin by catalytic oxidation (13). 


EXPERIMENTAL 


Leucopterin was prepared for the reduction by heating 6.3 gm. of 2,4,5- 
triamino-6-hydroxypyrimidine bisulfite (4, 17) with 25 gm. of oxalic acid 
dihydrate to 160—170° for 2 hours. After cooling, the crude substance was 
dissolved by warming with 90 to 100 cc. of 3 N KOH and the resulting 
solution was poured slowly into 150 ec. of boiling 4 Nn HCl. After the 
solution had boiled for a few minutes, the leucopterin was centrifuged in 


* Research paper No. 538, Journal Series, University of Arkansas. This work was 
supported in part by a grant-in-aid from the Nutrition Foundation, Inc., New York. 
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100 cc. centrifuge tubes and washed three times with water by centrifuga- 
tion. The precipitate was all transferred to one tube for the final washing, 

After centrifugation excess water was drained from the leucopterin and 
20 gm. of 2 per cent sodium amalgam added to the semisolid precipitate in 
the centrifuge tube. After the reaction mixture cooled, further 20 to 30 gm, 
portions of sodium amalgam were added at intervals of about 5 minutes 
until 120 gm. had been used. The mixture was shaken during the reaction 
and for 10 minutes additionally, or until the tube cooled. The crystalline 
sodium of salt of dihydroxanthopterin began to separate almost at once. 
This suspension was then used either for the isolation of dihydroxan- 
thopterin or for the preparation of xanthopterin. 

Xanthopterin—The suspension of sodium dihydroxanthopterin was sepa- 
rated from the mercury and the mercury washed with water. The wash- 
ings were added to the suspension and the latter diluted to about 150 ce. 
Upon being warmed, the suspended material went into solution. To this 
warm solution (50-60°) 100 cc. of water containing 15 gm. of silver nitrate 
were added slowly with vigorous shaking. After standing for 1 hour at 
room temperature the voluminous black precipitate containing the xan- 
thopterin was centrifuged off and washed once with water. The xanthop- 
terin was extracted by treatment of the precipitate with 240 cc. of 1 N 
HCl, centrifugation, and reextraction of the residue with two additional 
80 ce. portions of 1 n HCl. The combined supernatants were saturated 
with sodium acetate and the xanthopterin separated out in its characteristic 
lemon-yellow amorphous form. After being centrifuged and washed twice 
the compound was redissolved and reprecipitated as before, and then 
washed four times in the centrifuge. Air-dry yield 1.6 gm., 31 per cent 
of the theoretical based on the 2,4 ,5-triamino-6-hydroxypyrimidine bisul- 
fite used. The yield, based on the leucopterin, is above 50 per cent. 

The compound prepared thus is identical with xanthopterin prepared 
by Purrmann’s method, as shown by its absorption spectra' (Fig. 1) and 
by its fluorescence characteristics. The biological activity of xanthopterin 
prepared from leucopterin was determined by feeding it to a vitamin M-defi- 
cient monkey and by incubating it with fresh rat liver by the method of 
Wright and Welch (8). Both tests showed it to be as active as xanthopterin 
prepared by Purrmann’s method. 

Dihydroxanthopterin—For the preparation of dihydroxanthopterin the 
suspension of its sodium salt as obtained above was diluted to 150 ce. and 
heated until most of the material dissolved. A slight residue was removed 
by filtration. The clear yellow filtrate was acidified with hydrochloric 


! The author is indebted to Joseph L. Ciminera of Sharp and Dohme, Inc., for the 
spectrophotometric analyses. 
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acid and, after being cooled, the semicrystalline precipitate was removed 
by centrifugation. After thorough washing in the centrifuge the crude 
dihydroxanthopterin was recrystallized from boiling 10 per cent sodium 
carbonate solution. After being cooled, filtered, and thoroughly washed 
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Fig. 1. Absorption spectra of xanthopterin prepared from synthetic leucopterin 


the material was dried at 110° for microanalysis.2 Yield, 1.6 gm. Cor- 
rected for a small amount of ash, the results were as follows: 


C.H,O.Ns. Calculated. C 39.77, H 3.90, N 38.67 
Found. ** 39.07, “‘ 3.93, “ 37.16 


Dihydroxanthopterin crystallizes from hot sodium carbonate solution 
or from hot dilute hydrochloric acid in spherical aggregates of colorless 
well formed acicular crystals, which darken at 285° but do not melt under 
295°. The substance is practically insoluble in neutral solutions but 
readily soluble in alkalies. The sodium salt is sparingly soluble in cold 5 
per cent sodium hydroxide, from which it separates in elongated prismatic 
monoclinic needles with parallel extinction; 8 = 55°4’. 

Alkaline solutions of dihydroxanthopterin absorb oxygen from the air 


* Microanalysis by Dr. Carl Tiedcke, New York. 
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and rapidly reduce sodium hypobromite, alkaline silver solutions, chlor- 
amine-T, quinone, 2 ,6-dichlorophenol indophenol, and methylene blue. 


SUMMARY 


Xanthopterin and dihydroxanthopterin have been prepared in good yield 
by the reduction of leucopterin. 
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THE RELATION OF THE DIET TO THE COMPOSITION OF 
TISSUE PHOSPHOLIPIDS 


IV. THE ACTION OF CHOLINE AND CHOLINE PRECURSORS IN 
WEANLING RATS* 


By WILLIAM H. FISHMAN anp CAMILLO ARTOM 


(From the Department of Biochemistry, Bowman Gray School of Medicine, Wake Forest 
College, Winston-Salem, North Carolina) 


(Received for publication, March 3, 1944) 


In a previous paper (1) administration of choline to weanling rats was 
reported to prevent both the fatty infiltration and the low values of liver 
lecithins which are found in animals on an experimental diet. Investiga- 
tions in which compounds labeled with isotopes were employed have indi- 
cated that methionine (2), ethanolamine (3), serine (4), and glycine (3) 
may be converted into choline. Accordingly, in the present study, it was 
thought worth while to determine whether any of these substances could 
substitute for choline in its effects on the liver lipids of weanling rats. In 
order to insure an adequate supply of both ‘“‘methyl donor” and ‘“‘methyl 
acceptor” (5), the combination of methionine with each of ethanolamine, 
serine, and glycine was also tested. Moreover, as high levels of fat in the 
diet have been shown to increase the amount and the rate of formation of 
phospholipids in the liver (6, 7), similar experiments have also been done 


in which the fat content of the diet was increased considerably. 
} 
EXPERIMENTAL 


Two experimental diets were employed, a low fat diet previously de- 
scribed (Diet 1 (8)) and a high fat diet (Diet 5) containing casein (Labco, 
vitamin-free) 10 parts, Crisco 25, cod liver oil 5, dextrin 27, sucrose 27, 
and otherwise identical with Diet 1. The supplements! (choline hydro- 
chloride, ethanolamine, dl-serine, dl-methionine, glycine) were mixed in 
the diet. Since the daily food consumption was recorded, it has been pos- 
sible to calculate the actual amount of supplement ingested. 

Weanling rats (25 to 35 gm.) were transferred from the nursing mother 
to either the supplemented or the unsupplemented diets. In most of the 
experiments, supplementation of the diet for 11 days was initiated immedi- 
ately; in others a 7 day period was permitted to elapse beforehand? After 


* Aided by a grant from the John and Mary R. Markle Foundation. 

1 Merck and Company, Inc., Rahway, New Jersey. 

* Immediate supplementation was the procedure used in our previous experiments 
on weanling rats. However, the present experiments, in which supplementation is 
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the experimental period was over, the animals were decapitated. The lipids 
were analyzed as previously described (9), except that in most cases the 
determinations were made on the pooled livers of two or more rats. At 
least two analyses for each experiment were made. Control groups in- 
cluded rats maintained for corresponding periods on the stock diet and on 
the unsupplemented experimental diets. The analytical values* are pre- 
sented in Tables I and IT. 


Results 


Experiments with Immediate Supplementation—From Table I it is clear 
that the livers of rats on both Diets 1 and 5 exhibited values for total and 
choline-containing phospholipids which were markedly low as compared to 
results on control animals on the stock diet. Supplementation of these 
experimental diets with choline did prevent to a considerable degree the 
low values of lecithins. On the contrary, non-choline phospholipids were 
significantly lowered, resulting in a higher percentage of choline-containing 
phospholipid in the total phospholipids. These results completely confirm 
our original observations (1). 

Among the experiments with individual supplements (other than choline), 
only in two experiments (Nos. 8 and 21) out of seven (Experiments 8 to 11 
and 19 to 21) did the lecithins appear appreciably higher. As for supple- 
mentation with combinations (Experiments 12 to 14 and 22 to 24), a rise 
in the lecithin level was noticed in Experiments 14 and 23 only. With 
both combinations and individual supplements, other than choline, the 
level of non-choline phospholipids remained more or less normal. The 
percentage of choline-containing phospholipid in the total phospholipids 
here was uniformly low. 

Values for total lipids and neutral fat were higher in the animals on the 
high fat diet than in those on the low fat diet. It is clear that of the sub- 


initiated after 7 days on the experimental diet, are more strictly comparable with those 
on more mature rats. In this presupplementation period, it is conceivable that the 
tissue reserves of various dietary factors may undergo a considerable depletion. This 
would be in line with the finding of marked changes in the composition of liver 
phospholipids after only 7 days (8), if actually this composition is controlled by 
some specific dietary essential. The administration of this substance after the 
depletion period should result in a return of normal phospholipid values. Accord- 
ingly, in our opinion, even a partial restoration of the normal levels following de- 
layed supplementation would be of greater significance than the simple prevention 
of the changes by immediate supplementation. 

* In the present experiments, the weight of the dry, lipid-free tissue has been de- 
termined and the lipid values calculated also on that basis. As identical conclusions 
can be drawn from the data, referred to either moist or dry lipid-free tissue, the former 
method of presenting the results has been retained here. 
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1s stances added to each diet only choline prevented the fat infiltration uni- 
1€ formly and completely. However, in three out of the four experiments 
it with ethanolamine or the ethanolamine-methionine combination, the 
- amounts of non-phospholipid fatty acids were distinctly lower than in the 
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Action of Choline Precursors on Liver Lipids of Weanling Rats (Immediate 
Supplementation; Values for 1 @m. of Lipid-Free Tissue) 


The supplementation was continued for 11 days. 
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h 4 5 | 9 | None 3-8 a7. 0/36. sil. 76)107. olzs. 4 411. als .3/12.1) 69.7] 7.8 
ie 6- 7 10 Choline HCl (35 (4. 3/27. 0/34. 5\1. 44 38. 5124. 1/16. 2/67. 2) 7.9| 9.0) 4.5 
1€ | | mg.) | 
1s 8 | 4 Etharlolamine (13 '3.8127.9|36..9|1 .61| 76 .0|27 .8)14.0/50.4/13.8) 36.4) 8.2 
mg.) | 
- 9 | 4 | Serine (26 mg.) 4. 525. 6\37.2)1. TONG. sh. ten. sepa 75.4/11.1 
. 10-11 |10 | Methionine (33 2. 3/28. 6/33. ol2. 03} 140.1|20.6) 8.7/42.2/11.9)/102.4) 6.9 
x mg.) | 
‘ 12 6 | Methionine (33 18/26. 5/23 .6/1. 23) 37 .0/26.0)11.5)44.2)14.5 7.5) 2.7 
se | | mg.),  ethanol- | 
ne amine (11 mg.) 
18 13 | 6 | Methionine (30 2.4/26 .3/29.8 1.78)183 .6|21.6) 9.1/42.1/12.5)138.1/10.1 
er | mg.), serine (28 | 
vy |} mg.) | | 
he 14 6 | Methionine (31 2.4/25.7 29 .5)1.60)171.0/25.1)13.0.51.8)12.1|126.6) 6.6 
a | mg.), glycine (25 | | ee 
e- | mg.) | 
n Tz aera ee Saree, os Se eee «oe 
Diet 5 (high fat) 
me ——_ i ieee sae 
ns 15-16 |10 | None 2. 6'30.7 7/34. él. 76)164. ole. 1| 9.7 9.7/43.9112. 41122. 20.07. 
er 17-18 |11 | Choline HCl (25 (2. 9/32. 236. 91.58) 46.1/25.1/18.7|74.5) 6.4) 15.2 
| | me Ed bos bee E 
| | | 
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Taste I—Concluded 




















j 
k be 4 | Phospholipids . 
- Qa 
E i- 2 j ~ Pte ls 30 |2 
ment % Supplementst 3 % < | |22 43 rc 
mat 2! i#| 2 | Choline. | 33) 2° | $s 
S =| si- »~ leis | containing | 9 < Bz = 
sé ssieigie1 3/13 |$8| sa |g 
Lan hg Be je | 8 Bio) & | & _|4 |% > 
Diet 5 (high fat)—concluded 
ge ermrgeaaa : sees 
| | cent | 
gm. | gm. gm. | gm. meg. me. | met | fot! | ag. | mg. | mg. 
| | ho- 
Os Be \dipias| 
19 | 5 Ethanolamine (25 |3.3/31.537.9 2.13)217.6 25.7/11.8/45.9)13.9/158.0/18.1 
mg.) | | | 
20 | 5 | Serine (52 mg.) 4.7/35.2/42.1/2.52/257.4 25.2/10.6)42.1 14.6199 .0)13.3 
21 6 | Methionine (28 1.8/28.5/'29.8/1.51/136.0/26.2/12.9/49.2 13.3) 95.8) 4.4 
mg.) 


22 6 Methionine (24 |2.2/28.7/33.3|2.07) 86.3/23.3 9.5/40.8/13.8) 53.3) 4.4 
| mg.), ethanol- | 
| amine (19 mg.) 
23 5 | Methionine (24 |2.4/28.439.6'2.36/227 3/21 .6/12.7.58.8) 8.9|179.5) 8.2 
mg.), serine (24 | 
mg.) | | 
24 6 | Methionine (25 |2.3)30.4/37.5)2.13/219.3/23 .2)10.2'44.0/13.0)171.5) 7.4 
mg.), glycine (25 
mg.) 


| | | ! | | | 


* Kidneys markedly hemorrhagic, Experiment 12 (six kidneys); slightly hemor 
rhagic, Experiment 22 (six kidneys) and Experiment 21 (one kidney). In none of 
the other rats were macroscopic hemorrhages visible in the kidneys. 

t The figures in parentheses indicate the average daily intake of the supplements. 

t The range of the values for choline phospholipids, obtained in those groups of 
experiments in which at least four separate analyses were made, is reported here’ 
Experiments 1 to 3, 17.1 to 21.0 mg.; Experiments 4 and 5, 10.2 to 14.6 mg.; Experi- 
ments 6 and 7, 15.3 to 18.5 mg.; Experiments 10 and 11, 8.1 to 10.2 mg.; Experiments 
15 and 16, 9.6 to 9.7 mg.; Experiments 17 and 18, 18.3 to 19.2 mg. 








controls. In one of these experiments (No. 12) a level of neutral fat as low 
as in the choline-supplemented groups was observed.‘ With methionine 
alone or in combination with serine or glycine, the values for non-phospho- 
lipid fatty acids were as high or even higher than in the controls. 

Larger amounts of unsaponifiable matter were often associated with the 
presence of an extensive fat infiltration. 

Experiments with Supplementation after 7 Days on Experimental Diet— 


* The rats in this group failed to grow. This fact should be noted in view of a 
possible relationship between growth and fat infiltration of the liver (10). 


i 
' 








SS ss -; 


J ee 








W. H. FISHMAN AND C. ARTOM 113 


Here (Table I1) low lecithin concentrations were again found in the groups 
(Experiments 26, a and 27, a) on the unsupplemented diet. Experiments 
26,a and 26, b were run simultaneously, as were experiments 27, a and 
27, b, 3 months later. This time interval may account for the variability 
of the data. However, in both experiments, choline administration re- 
sulted in values for lecithins distinctly higher than in the corresponding 


TaBLe II 


Effect of Choline Supplementation after 7 Days on Unsupplemented Diet (Values for 1 
Gm. of Lipid-Free Tissue) 


The supplementation was continued for 12 days. 
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3 Len A Phospholipids z 
Experi- > os 7 = 2 
ment 2 Supplements* 3 % = gF a3 é 
No. ¢ oe . a Ae 2 ae 
Ss 22 ais . mr - pa 43 a> a8 
3 seieigi')}3)8 e8| ss | 28 
Zz < Sik ia ~ & | Zz Z > 
Stock diet 
| per 
| cent 
gm. | gm. gm. | gm. | mg. | mg. | mg. _ mg. | mg. | mg. 
phe: 
~- ‘pds 
25 6 | None (30. 1\69.2)2. 49) 38. 2/34.5/20.0)58.0/14.5 1.6/2.1 
Diet 1 (low fat) 
—-— 7 ‘an TE OBS 
26, a | 4 | None 4.0 |28. 642. 5/2. 15106. pale 5 8. 93. Aji. 71.2/7.4 
26,6) 5 Choline HC! (43) 4.1 |30. 1/46. 2/2. 27 45. 5/20.4) ‘ 13. 1 27 18.3|5.0 
27, a | 6 Nene | 3.4 |34. je 22. 16147. 7\27. p ie de ae 119.3 
27,6 6 | Choline HCl (40) 3.2 |33.9/39. 8/2. 10 42. 0123. G7. 1/72. 5 6. 5 13.3/3.8 
mg.) | 
Pra 











“ * The Seures in parentheoes indicate the average daily intake of the supplement 
by each rat. 


controls. Here, too, low values were found for non-choline phospholipids, 
resulting in a higher percentage of choline-containing phospholipid in the 
total phospholipids. The lipotropic action of choline is clearly shown in 
both experiments. 


DISCUSSION 


The following picture of the liver lipids was uniformly found in the 
weanling rats on the two experimental diets when these were supplemented 
with choline: a greater concentration of lecithins, a lower level of non- 
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choline phospholipids, a higher percentage of choline-containing phospho- 
lipid in the total phospholipids, and much smaller amounts of neutral 
fats. With none of the individual substances suggested as choline pre- 
cursors which we have tested, could this complete picture be duplicated. 
This was true in general also for the experiments in which additional 
amounts of the methyl donor and methyl acceptor were supplied. 

However, a relatively high lecithin level was found in Experiment 8, in 
which ethanolamine alone was given. In this experiment, the percentage 
of choline-containing phospholipid in the total phospholipids was not in- 
creased, a finding which was not unexpected, since ethanolamine seems to 
be able to raise the concentration of non-choline phospholipids (1). In 
most of the ethanolamine experiments, a more or less definite lipotropic 
effect was observed. On the whole, therefore, these results may be ex- 
plained on the basis of a partial conversion of ethanolamine to choline. 

In the experiments with methionine,’ serine, and glycine, no lipotropie 
action was observed, and the changes in lecithins were of such a small 
magnitude that their significance must remain doubtful. 

In Paper V of this series an interpretation is offered for the differences 
in the results of the experiments in which choline supplementation was 
begun immediately or after 7 days. 

In conclusion, the results obtained here illustrate a limitation in the 
physiological significance of data collected through the use of the isotope 
techniques. In these latter studies, a relatively high proportion of choline 
appears to be formed from some of its precursors (2-4). However, none 
of them, in the conditions of our experiments, was capable of substituting 
effectively for choline in its action on the liver lipids of weanling rats. 


SUMMARY 


When weanling rats are placed on an experimental diet, values for 
lecithins are found to be lower than normal and a fat infiltration occurs in 
the liver. These changes are prevented to a considerable extent by the 
administration of choline. 

The relative ability of various suggested choline precursors to substitute 


* Theoretically, in order to supply the same amount of methy!] groups, 3 molecules 
of methionine for 1 of choline hydrochloride are required. Consequently, as in the 
experiments on choline supplementation 25 to 35 mg. of choline hydrochloride were 
ingested daily, 75 to 105 mg. of methionine should have been supplied. However, 
the maximum amounts the rats could ingest without losing their appetite were found 
to be 25 to 35 mg. of dl-methionine daily. These amounts correspond to levels 
(1.4 to 2.1 per cent, if the methionine content of the diet is included) which are greater 
than those (0.9 to 1.0 per cent) at which methionine was shown to be lipotropic in 
weanling rats (11). Investigations now in progress may provide an explanation for 


this apparent discrepancy. 
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for choline in these effects has been studied. The substances tested were 
ethanolamine, dl-methionine, dl-serine, and glycine and some of their com- 
binations. With none of them could the action of choline be duplicated, 
although ethanolamine, alone or together with methionine, was effective 
to a certain extent. 


1. 


2. 
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THE RELATION OF THE DIET TO THE COMPOSITION OF 
TISSUE PHOSPHOLIPIDS 


vy. THE ACTION OF CHOLINE, VITAMINS, AMINO ACIDS, AND THEIR 
COMBINATIONS IN TWO MONTH-OLD RATS* 


By WILLIAM H. FISHMAN anp CAMILLO ARTOM 


(From the Department of Biochemistry, Bowman Gray School of Medicine, Wake Forest 
College, Winston-Salem, North Carolina) 


(Received for publication, March 3, 1944) 


The possible existence of one (or more) dietary factor other than choline, 
exerting a réle in the formation of liver lecithins, has been pointed out (1). 
The present investigation represents an attempt to identify this factor 
with some known substances whose deficiency in the experimental diet 
appeared likely. 

In previous experiments, the supplementation of the experimental diet 
with cystine or glycine (amino acids whose content in the casein of the 
diet is very low) did not restore normal values for liver lecithins in 2 
month-old rats. This does not exclude the possibility that the combina- 
tion of these two substances with choline may be effective.’ 

On the other hand, it may be that one or more of the B vitamins are the 
missing dietary essential. In this connection, a considerable decrease in 
the total phospholipids of various tissues, including liver, has been described 
in pigeons fed polished rice (8) and in rats on so called vitamin B-deficient 
diets (9). Indeed, there was the likelihood that Diets 1, 2, and 3 (10) con- 
tained inadequate amounts of some of the members of the vitamin B 


complex.? 


* Aided by a grant from the John and Mary R. Markle Foundation. A prelimi- 
nary report was presented before the North Carolina Academy of Science (Forty- 
second annual meeting, April 30, 1943). 

!Many examples may be found in the literature which illustrate the effectiveness 
of the administration of combinations of substances rather than of the individual 
compounds. Thus, choline and cystine mixtures are more effective than choline 
alone in protecting rats on synthetic diets against liver necrosis and cirrhosis (2, 3) 
and in saving the lives of dogs which had received chloroform (4). In chicks on casein 
diets, various deficiency manifestations are prevented and growth promoted by 
combinations of glycine and arginine with choline (5) or with cystine (6) or with 
cystine and chondroitin (7). 

* The approximate daily intake (calculated from the food consumption) of the B 
vitamins in the stock diet was (according to the Arcady Farms Milling Company) 
thiamine 54 to 65 y, riboflavin 21 to 28 y, pyridoxine 23 to 47 7, nicotinic acid 1440 
7, pantothenic acid 200 to 257 y. The corresponding amounts for the experimental 
Diets 1, 2, and 3 were thiamine 10 y, riboflavin 10 y, pyridoxine 1 +, nicotinic acid 
100 y, pantothenic acid 1 +. 
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Although there is no evidence in the literature of a réle of vitamins E 
and K in phospholipid formation, the action of these vitamins has also 
been tested, as they, too, were probably deficient in our experimental diets, 

The present experiments on liver lipids of 2 month-old rats comprise 
therefore, essentially, a study of the effects of choline, cystine,’ glycine, 
and a mixture of pure B vitamins, separately and in combination. A few 
experiments on various other substances and some of their combinations 
have also been included. 

EXPERIMENTAL 

Male albino rats 2 to 3 months old (100 to 120 gm.) were transferred 
from our stock diet to one of the following experimental diets: Diet 4, con- 
taining casein (Labco, vitamin-free) 10 parts, cod liver oil 5, Crisco 5, 
dextrin 37, sucrose 37, Ruffex 2, salt mixture (Osborne and Mendel (12)) 4; 
or Diet 6, containing casein 5, dextrin 39.5, and sucrose 39.5, and other- 
wise identical to Diet 4. 

The following substances‘ were tested: choline hydrochloride, glycine, 
l-cystine, dl-methionine, lecithin, dl-lysine, dl-serine, ethanolamine, glu- 
tathione, dl-glutamic acid, ¢!-tryptophane, dl-phenylalanine. Although in 
most of our former experiments the supplements were given by stomach 
tube (1), in the present series they were mixed in the diet, except gluta- 
thione which was injected daily in isotonic saline. 

In most of the experiments, the animals received a daily injection of an 
isotonic solution (pH 7.4) of B vitamins.’ The amounts of each supplied 
daily were as follows: thiamine hydrochloride 50 y, riboflavin 50 y, pyri- 
doxine hydrochloride 50 y, nicotinic acid 1500 y, calcium pantothenate 
200 y, inositol 200 y, p-aminobenzoic acid 200 y. In the case of vitamin E, 
a solution of a-tocopherol® in ethyl myristate was emulsified in water in 
the presence of gelatin and sodium stearate. This emulsion was adminis- 
tered by stomach tube in amounts corresponding to 2 mg. of the vitamin 
every 2 days. In Experiment 54, an aqueous solution of vitamin K* 


* Stetten and Grail (11) state that the liver lipids resulting from feeding cystine 
and choline are “abnormally rich’’ in lecithins. However, when their data are 
expressed on the basis of 1 gm. of lipid-free tissue, no increase in choline phospho- 
lipids due to cystine becomes evident. The relative significance of results expressed 
as concentration or referred to the whole liver has been discussed (1). 

¢ All these were obtained from Merck and Company, Inc., Rahway, New Jersey, 
except glutathione and lecithin which were from the Pfanstiehl Chemical Company, 
Waukegan, Illinois. The lecithin (‘‘pure, from egg’’), analyzed by us, contained 4 
considerable amount of acetone-soluble lipids. However, probably only traces 
of non-choline phospholipids were present, as the ratio of choline to phosphorus 
in the preparation corresponded to the theoretical value for lecithin. 

’ Generously supplied through the courtesy of Merck and Company, Inc. 
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(2-methylnaphthoquinone) was added to the vitamin E emulsion, so that 
each animal received approximately 20 7 every 2 days. 

Each experimental group usually consisted of from four to six animals 
and often more than one group was employed. The animals were decapi- 
tated at the end of the period of supplementation. Then the livers were 
pooled and minced in a meat grinder. At least two samples of the liver 
mixture were analyzed for liver lipids, as previously described (13). Dupli- 
cate analyses for choline, lipoid P, and dry weight® were always made. 

In the first series of experiments (Table I), administration of the test 
substances was initiated immediately and continued for 12 days. Here 
the effects of supplementing the diets with glycine, cystine, methionine, 
and some of their mixtures, both in the presence and absence of choline 
and vitamins B, were investigated. In another series (Table I1), similar 
experiments were carried out in which the substances were administered 
after 7 days on the unsupplemented diet. In addition, the action of 
vitamins E and K and various compounds, such as ethanolamine, glu- 
tathione, and a number of amino acids, was also studied. 

Controls included animals maintained on the unsupplemented diets for 
corresponding periods. Additional analyses for liver lipids of animals on 
the stock diet have been made, and the results of these and previous (13) 
determinations have been included in the averages, recorded in Table I. 
However, for the purpose of a more accurate comparison, values have been 
obtained for liver lipids of rats which were first maintained on the experi- 
mental diets for 7 days and were then replaced on the stock diet for 12 
days (Table IT). 


Results 


Phospholipids—In agreement with our previous findings (10), it is appar- 
ent from Table I that after rats have been transferred from the stock diet 
to the experimental diets for 12 days a marked decrease of both total and 
choline phospholipids occurs, with a lower percentage of the latter in the 
total phospholipids. A very similar picture was observed after the adminis- 
tration of the B vitamins, B vitamins with each of glycine, cystine, and 
methionine, or B vitamins with mixtures of glycine plus cystine and glycine 
plus methionine. 

When choline was given (in the free form or combined as lecithin), values 
for choline phospholipids were appreciably higher than in the controls. 
On the other hand, levels of non-choline phospholipids were lower, with a 


* The conclusions which may be drawn from the data calculated on the basis of the 
dry, lipid-free tissue are identical with those obtained from the values referred to the 
moist, lipid-free tissue. For the sake of brevity and uniformity, the latter method of 
presentation has been retained here. 
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consequent increase in the ratio of choline phospholipids to the total phos. 
pholipids. If, in addition to choline, there was given glycine or cystine or 
their combination, or a glycine-methionine mixture, the results in general 
were very much the same. The presence of B vitamins appeared to 
enhance to a small extent the amount of lecithins. The highest values for 


Paste Ill 
Statistical Study of Changes in Liver Phospholipids 
No. of - - Total Choline Non-choline- 
Experimental groups rats and containing containing 


analyses* oy ~ te phospholipids phospholipids | phospholipids 


Immediate supplementation 


me. it me it meg. tt 


No supplements or none | 38 (19) 20.7 10.2 10.5 
other than choline (Ex- 
: > 37 3e ).99 
periments 4-11) - 1 ~ 10.0 
Supplements including cho- | 46 (20) 21.3 14.6 6.7 
line (Experiments 12-20) > 38 5.05 2.08 4.87 
Supplements including cho- | 50 (20) | 24.2 15.5 8.7 
line, glycine, cystine , 7 ie 
. . Ch a . a 8.58 . > 
(Experiment 21-31) } “ , ~o 0.0 
Stock diet (Experiments | 24 (16) ’ 31.5 19.5 12.0 
1-3) 
Supplementation after 7 days 
No supplements (Experi- | 21 (14) | 23.6 12.9 10.7 
ments 35-40) 28 1.20 0.05 1.03 
Supplements including cho- | 30 (16) 22.7 13.2 9.5 | 
line (Experiments 41-47) | 32 0.36 1.36 | 0.35 
Supplements including cho- | 38 (18) ( 22.9 13.8 9.1 | 
line, glycine, cystine | - 
(Experiments 48-86) 22 14.04 14.10 6.2 
Stock diet (Experiments | 9 (6) 37.8 23.3 14.5 | 


32-34) 





* The figures in parentheses indicate the number of analyses. 

+ t, according to Fisher (14). The values of ¢ corresponding to a probability of 4 
chance occurrence of 5 in 100 are approximately 2.07, 2.05, and 2.03 when n has the 
values of 22, 28, and 35 respectively. The corresponding ¢ values for a probability of 
1 in 100 are 2.82, 2.76, and 2.72. 


all the phospholipid fractions (approaching the lower range of the normal 
levels) were found in some of the experiments in which choline, glycine, 
cystine, and B vitamins were administered simultaneously. 

From Table II, it is clear that when the animals, after a week on the 
experimental diets, are placed on the stock diet for 12 days (Experiments 
32 to 34), the phospholipid values are completely restored tonormal. How 
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ever, When the animals were maintained for a corresponding period on the 
unsupplemented diet, as before (10), all phospholipid fractions were below 
normal. The administration of choline, alone or with various other sub- 
stances, did not alter this picture substantially, although somewhat higher 
values for lecithins were occasionally found. Likewise, no definite effects 
ean be ascribed with certainty to vitamins B, E, and K, even when these 
are given simultaneously (Experiment 54). 

Neutral Fats—From Tables I and II, it is clear that more or less high 
values for non-phospholipid fatty acids result in the groups not receiving 
choline. In all the other groups, in which choline was supplied, neutral 
fat values were distinctly lower, as was to be expected. 

Statistical Treatment of Data (14)—The effects of vitamin administration 
on the phospholipid levels were found not to be significant. Accordingly, 
in order to evaluate statistically the action of choline and other substances, 
we felt justified in arranging the groups irrespective of the presence of 
vitamins, as in Table III. 

Such a treatment of the experimental results here is arbitrary to a certain 
extent. However, from Table III it appears that when choline supple- 
mentation is begun immediately there are significantly higher concentra- 
tions of liver lecithins and lower values for non-choline phospholipids. 
When cystine and glycine are also given, while there is possibly a further 
elevation of lecithins, the values for total and non-choline phospholipids do 
become significantly higher than in the groups receiving choline only. 
Even in this condition, the concentrations of all the phospholipid fractions 
remain definitely lower than in animals on the stock diet. On the other 
hand, in the experiments in which supplementation was initiated after 7 
days, no significant effect by the supplements is apparent. Only the dif- 
ferences between the average phospholipid values in the groups on the 
experimental and stock diets are statistically significant. 


DISCUSSION 


The present experiments confirm our previous finding that in more ma- 
ture rats the changes in liver lipids induced by experimental diets cannot be 
reversed by the administration of choline after 7 days. This is true also 
when the other known nitrogenous components of the phospholipids are 
given simultaneously (Experiments 47 and 56). 

On the other hand, when choline supplementation is initiated immedi- 
ately, definite effects on liver phospholipids can be demonstrated in 2 
month-old rats, as in weanling rats (1, 15).’?_ Still, the existence of an 


7 It should be emphasized that the effects (increase in lecithins, decrease in non- 
choline phospholipids with a high percentage of choline phospholipid in the total 
phospholipids) are similar in the rats of both age groups. 
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age difference remains probable when the results of the experiments jp 
which choline supplementation was begun immediately or after 7 days ar 
compared. Thus, choline prevents the low liver lecithin values in weanling 
rats to a greater extent than in more mature animals, whereas it may 
partially restore liver lecithins in weanlings and not at all in the olde 
animals. 

The working hypothesis, previously suggested, may offer an interpreta- 
tion of our results including the present ones. It was then postulated 
that, in addition to choline, some other factor may be required for the for. 
mation of lecithins at a normal rate, this factor being present in the stock 
diet and possibly being transmitted to the young by the mother. When 
the animals are transferred to an experimental diet (deficient in this factor), 
a progressive depletion of the tissue reserves may occur with time. This 
may be responsible for the differences observed when choline supplements- 
tion was begun immediately or after 7 days on the experimental diet. [If 
it is assumed that weanling rats possess larger reserves of this factor, the 
more marked effects of choline supplementation in these animals under 
both experimental conditions may be explained. Of course, the utilization 
of some dietary choline for purposes other than lecithin formation, having 
thus a “sparing” action on liver lecithins, may also partly account for the 
preventive effect of choline in the experiments with immediate supple. 
mentation. 

As for the chemical nature of this hypothetical factor, the present ex- 





periments indicate that it cannot be identified merely with the substances | 


or the combinations of substances we have tested.’ In this respect, 4 
simple deficiency of the vitamins studied here is clearly not responsible for 
the changes in liver phospholipids observed by us. It is therefore likely 
that the decrease in total phospholipids described by others (8, 9) may be 
due to a dietary deficiency of substances other than these B vitamins. 


Moreover, it appears that the phospholipid level in the liver bears no | 


direct relationship to the general state of nutrition of the animals, as low 
lecithin values were found in animals which exhibited an excellentrate 
of growth. This is particularly noticeable in Experiment 55, in whieh 
the most evident deficiencies in essential amino acids had been corrected. 
The same point may be made from the results of our previous experiments 


with the 30 per cent casein diet which also provided a satisfactory rate of | 


growth (10). 


* Of course, the possibility cannot be excluded that some of these substances may 
also exert a réle in the maintenance of the normal composition of liver phospholipids, 
although other experimental conditions may be required to demonstrate the mle 
more clearly. This may apply to the cystine, glycine, choline combination and even 
to glutathione or some of the vitamins, if more significance could be attributed t 
some of our present findings. 
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dl-Methionine in the amounts ingested by our animals (134 to 144 mg. 
daily) could not substitute for choline hydrochloride (41 to 49 mg. daily) 
in its action on either the lecithins or the neutral fat levels in the liver. This 
finding, which is in agreement with our results on weanling rats, is being 
further investigated ((15) foot-note 5). 


SUMMARY 


In rats 2 to 3 months old maintained on an experimental diet, the sup- 
plementation after 7 days with choline, either alone or in combination with 
various substances (vitamins B, E, K, amino acids, and other nitrogenous 
compounds), did not reverse the changes in liver phospholipids induced by 
the unsupplemented diet. 

On the other hand, when choline supplementation was initiated immedi- 
ately, values for liver lecithins were found which were significantly higher 
than in the corresponding controls, although lower than normal. This 
change was accompanied by a decrease in the non-choline phospholipid 
fraction. The present findings are compared with those obtained in 
weanling rats. 
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It has been emphasized by Haldane (1) that for studies of intermediary 
metabolism ‘‘the new science of genetics furnishes a very powerful method.” 
Such a method is founded upon the general premises that genes control 
many of the chemical reactions within an organism, and that gene muta- 
tions by blocking a reaction chain at various points may, in effect, resolve 
a metabolic process into some of its constituent stages. For instance, the 
genetics of such diseases as alcaptonuria and cystinuria have elucidated 
certain problems in human metabolic processes (2), and studies in the genet- 
ics of plant pigments have increased the knowledge of the biochemistry of 
anthocyanins (3). But the study of metabolism by way of genetic differ- 
ences in naturally occurring populations is limited not only by the low rate 
of mutation but also by the lethal character of most mutations of genes 
controlling vital functions. By increasing the mutation rate of an organ- 
ism, through irradiation or otherwise, it is possible to create numbers of 
genetic blocks at various steps in the syntheses of substances or in other 
processes of metabolism. The problem of preserving mutations ordinarily 
lethal has been met by Beadle and Tatum (4) in a general course of proce- 
dure developed around work with the Ascomycetous mold Neurospora. The 
wild type of this organism is able to carry out all the syntheses essential 
to its normal growth and reproduction if biotin, inorganic salts, and a suit- 
able source of carbon are available. Strains of Neurospora are irradiated 
with x- or ultraviolet rays on the assumption that mutations will be induced 
in genes controlling the syntheses of such substances as vitamins and amino 
acids. Mutant strains of this kind cannot grow on merely inorganic salts, 
sugar, and biotin, ‘“‘minimal medium,” but can be expected to grow if the 
product of the blocked synthesis is added to the minimal medium. 

From irradiated Neurospora there has been isolated in this laboratory a 
series of mutant strains which require for growth the presence of arginine in 
the culture medium. A study of the specific biochemical characteristics of 
members of this group of mutants has made it possible to demonstrate in 
Neurospora crassa an ornithine cycle similar to that proposed by Krebs and 
Henseleit (5) as occurring in the mammalian liver, and to assign various 
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steps in the cycle to the influence of particular single genes. To our knowl- 
edge the ornithine cycle has not previously been demonstrated in plants, 


Methods 


By convention the class name of any member of a series of biochemical 
mutants of Neurospora from this laboratory is based upon the name of the 
essential substance which must be added to the minimal medium before the 
mutant can grow. Thus, the mutants requiring the addition of arginine to 
the minimal medium, 7.e. unable to synthesize arginine, are designated as 
arginineless. Individual mutant strains are identified more specifically by 
a number. 

Unless otherwise stated all growth experiments reported were carried out 
in 125 ml. Erlenmeyer flasks, each of which contained 20 ml. of liquid 
medium. The basal medium consisted of Fries’ No. 3 solution supple- 
mented with trace elements, biotin, and 2 per cent sucrose (6). Supple- 
ments to this basal medium were added in such fashion that constant volume 
and constant concentration of the components of the minimal medium were 
maintained in each flask. In general, media were sterilized by autoclaving 
10 minutes at 15 pounds pressure. Alli mutant strains were kept in vigorous 
growing condition by means of frequent vegetative transfers to fresh 
culture media containing arginine. At fairly frequent intervals the strains 
were given tests to confirm the constancy of their biochemical characteris- 
tics. When more than one mutant strain was involved in an experiment, 
cultures of identical age were used. Inoculations were made with 1 drop of 
a sterile suspension of asexual spores. Experimental cultures were grown 
at 25° for varying lengths of time. Growth was measured by drying the 
mycelia and weighing. 


Results 


Individuality of Mutant Strains by Genetic Tests—Fifteen arginineless 
strains have been isolated from x-ray- or ultraviolet-treated wild type 
Neurospora. Of these, some seem to be recurrent mutations of certain 
genes, but at least seven are demonstrably different from one another, as 
shown by heterocaryon tests (7) and by crosses between the mutants. Each 
of these seven mutant strains has been outcrossed, and the results of the 
crosses indicate that in these strains the inability to synthesize arginine is 
inherited as a single gene. Details of the genetic findings will be published 
in another journal. 

Biochemical Relationships of Arginineless Mutants—The arginineless 
strains grow at approximately the rate of the wild type if sufficient arginine 
is added to their culture media. Of these mutants, the slowest growing it 
liquid culture is Strain 29997, which after a growth of 3 days on a supple 








he 
he 


by 


ut 


le- 


nt, 


of | 


the 


“vw 
= 





Fees & 


A. M. SRB AND N. H. HOROWITZ 131 


mented medium attains a mycelial weight about 85 per cent of that of the 
wild type. The quantity of arginine per 20 ml. of medium which allows for 
the maximal growth of mycehum over a 3 day period varies among the 
mutants from 0.1 to0.2mM. For each of the strains the rate of growth is a 
function of the amount of arginine present in the medium (Figs. 1 to 3). 
Tests with various other amino acids show that ornithine and citrulline 
also permit growth of certain strains. With respect to their ability to grow 
on these amino acids, the mutant strains may be divided into three groups: 
Strains 21502, 27947, 29997, and 34105 can grow on the addition of arginine, 
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Fie. 1. Growth of Strain 27947 after 3 days at 25° on varying concentrations of 
arginine, ornithine, and citrulline. 


ornithine, or citrulline to their media; Strains 33442 and 30300 cannot utilize 
ornithine but do use arginine or citrulline; Strain 36703 grows only in the 
presence of arginine (Table I). Twenty-three other amino acids were 
found to be inactive. Neither is any of the mutants able to grow on 
asparagine, glutamine, guanidine, allantoin, or creatine. 

Mutants able to grow on arginine and citrulline but not on ornithine were 
tested on a mixture of ornithine and urea. Such a mixture does not permit 
growth when the two substances are autoclaved separately or when the 


’ entire medium is sterilized by filtration; growth does occur on media in 


which ornithine and urea have been autoclaved together. Further analysis 
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showed, however, that ornithine and urea autoclaved together are converted 
to citrulline to an extent sufficient to account for the growth of the mutants. 
Application of Gornall and Hunter’s (8) quantitative modification of Fear- 
on’s diacetyl monoxime test for citrulline showed that a solution originally 
containing 0.5 mm of ornithine and 2.5 mm of urea in 10 ml. yielded 0.18 
ma of citrulline on being autoclaved at 15 pounds pressure for 15 minutes. 
A biological assay of the same solution with mutant Strain 33442 gave the 
same value. The possibility that arginine was also present was eliminated 
by showing that Strain 36703, which grows on arginine but not citrulline, 
did not grow on the combination of ornithine and urea autoclaved together. 


TaBLe I 
Growth of Single and Double Mutant Strains 
The values represent the dry weight in mg. after 5 days on 0.005 mm of arginine, 
ornithine, or citrulline. 























i(+)- | dl-Argini if ee No supple- 
Mutants | Strain No. Argeine HNO, di-Citrulline oa mtntemal 
| Co medium 
Single | 21502 | 37.2 | 39.6 | 37.6 | 29.2 0.9 
27947 | 20.9 | 226 | 187 | 10.5 0.0 
| 29997 16.7 16.6 15.2 7.7 0.0 
| 34105 33.2 35.5 | 30.0 | 25.5 1.1 
30300 | 37.6 | 583.0 | 34.1 0.8 1.0 
| 93442 | 35.0 | 48.8 | 42.7 2.5 2.3 
| 36703 20.4 18.4 | 0.0 0.0 0.0 
Double | 27947-20007 | 17.9 | | 15.6 7.4 0.0 
| 30300-33442 | 26.1 | | 32.0 |, 0.0 0.0 
27947-33442 | 21.8 | 15.8 | 0.0 0.0 
| 21502-33442 | 25.3 | 4.5 | 0.0 0.0 
| 33442-36703 | 22.0 | | 0.0 | 0.0 0.0 





In certain experiments it was found that Strain 33442 is able to grow on 
the minimal medium supplemented with urea. It can be shown, however, 
that urea as such is not active, and that the effect obtained is due to rise in 
pH of the medium caused by decomposition of the urea when autoclaved. 
The ..H of Fries’ solution alone is about 5.5. Autoclaving 0.5 mM of urea 
in 20 ml. of solution raises the pH to about 6.7. If flasks of urea medium 
are sterilized by filtration, the pH does not rise, and Strain 33442 is unable 
togrow. On the other hand, bringing the minimal medium to pH 6.7 with 
phosphate-citrate buffer or to pH 8.0 with NaOH permits growth to the 
same degree as does autoclaved urea. Autoclaved urea medium buffered 
at pH 5.5 does not support growth. In no case does the minimal medium 
at high pH values allow for more than 55 per cent of the mycelial weight 
obtained with an optimal concentration of arginine. Another Neurospora 
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mutant, pyridoxineless, able to grow on a minimal medium at pH values 
above that of Fries’ solution, is described by Stokes, Foster, and Wood- 
ward (9). 

The experiments described have shown that not all the mutants can use 
ornithine or citrulline or both, and that not all those able to use citrulline 





can use ornithine. But in every case the mutants able to grow on ornithine 
are able to utilize citrulline as well. This indicates that ornithine and cit- | 
rulline represent different stages in the course of the biosynthesis of argi- 
nine, and that they occur in the order ornithine— citrulline— arginine. If | 
ornithine and citrulline were not so related, one might expect to find mu. | 
tants that use ornithine and arginine but not citrulline. Such mutants | 


have not been found. 

The growth requirements of double mutants (Table I), obtained by cross. | 
ing two different arginineless strains, support the above postulated sequence | 
in the biosynthesis of arginine. In each double mutant the growth require- | 
ment is determined by the gene whose wild type allele acts nearer arginine 
in the sequence of the synthesis. Thus in double mutants between a strain 
which can use all three amino acids and one which can use only arginine and 
citrulline the requirement is similar to that of the second single strain. A 
double mutant between Strain 33442, which can grow on arginine or 
citrulline, and Strain 36703, able to use arginine only, resembles Strain 
36703 in its growth requirement. The requirements of double mutants 
made up of single strains having like requirements are satisfied by the same 
amino acids utilized by either single strain. 

Arginase in Neurospora—Since it could be shown that the synthesis of 
arginine in Neurospora proceeds through a sequence including ornithine and 
citrulline, it was of interest to determine whether or not the sequence is | 
cyclic in nature. The organism was therefore tested for arginase, by the | 
following procedure: The mold was grown in Fernbach flasks containing 500 | 
ml. of medium. When the mycelial pads had attained maximal growth, | 
they were removed, washed in distilled water, and the excess water was 
squeezed out through muslin. The pads were weighed, and ground with 
sand and water in a mortar. The resulting paste was filtered through 
muslin on a Buchner funnel. Arginase activity was determined in the 
extract. : 

Activity of the enzyme was shown by manometric determination (5) of 
the urea resulting from the incubation of the extract with arginine, and by 
the isolation and identification of ornithine, as ornithuric acid, from the 
reaction mixture. Since it was found that extracts of Neurospora contain 
urease as well as arginase, the urea determination gives a minimal measure 
of the amount of arginine converted. 

Table II shows some typical results obtained with three different strains 
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of the arginineless series of mutants and with the wild type (Strain 1). The 
mutant strains were grown in media supplemented with arginine; the wild 
type was grown in both supplemented and unsupplemented media. The 
data suggest that the arginase of Neurospora may be “‘partially adaptive;” 
ie., although produced by the organism when grown on unsupplemented 
medium, production of the enzyme is increased when the substrate is added 


Tasie II 
Arginase Activity in Extracts of Neurospora 

Concentration of reagents, 1 ml. of extract = 250 mg. of the wet weight of mold, or 
63 mg. of the dry weight, arginine hydrochloride 0.238 m, manganese sulfate 01 wm, 
glycine buffer, pH 9.5, 1m. Each flask contained 1 ml. of glycine buffer and water 
to a final volume of 10.2ml. After the reagents were mixed in the indicated propor- 
tions, toluene was added and the flasks incubated at 34° for 16 to 18 hours. They 
were then acidified with a few drops of glacial acetic acid, placed in boiling water for 
2 to 3 minutes, and filtered. Urea determinations were made on aliquots of the 
filtrates. 





a ; 


Apparent 





| 
Strain No Extract Arginine added MnSO, added A urea found conversion of 
| arginine 
mil. mu | mi. mM per cent 
33442 5.0 | 0.0 0.2 0.000 
5.0 | =. 0.952 0.0 0.163 | 17.1 
5.0 0.952 | 0.2 0.485 | 45.7 
29997 6.0 | 0.0 0.2 | 0.000 
6.0 0.476 0.2 | 0.110 23.1 
29738* 5.0 | 0.0 0.2 0.000 
5.0 | 0.476 | 0.2 | 0.086 13.9 
it 6.0 | 0.0 0.2 | 0.000 
6.0 0.476 | 0.2 | 0.067 14.1 
SS 7.0 0.0 0.2 | 0.000 
7.0 0.476 | 0.2 | 0.027 5.75 











* An arginineless strain the same as Strain 30300 biochemically and apparently 
the same genetically. 

t Grown in a medium containing 1 mg. of arginine hydrochloride per ml. 

t Grown in a medium containing no arginine supplement. 


tothe medium. It is also shown in Table II that the activity of the Neuro- 
spora enzyme is increased by manganese, a property shared with arginase 
of animal origin. 

For the isolation of ornithine, 18 gm. (wet weight) of the wild type mold 
which had been grown on unsupplemented medium were used. The myce- 
lium was ground and extracted as described above. To 62 ml. of the extract 
were added 0.5 gm. of arginine hydrochloride, 1.4 ml. of 0.1 m MnSO,, and 
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sufficient N NaOH to bring the pH to 9.2. No buffer was used. The mix. 
ture was incubated at 34° for 18 hours. The reaction was stopped by acidi. 
fying to pH 5.0 with glacial acetic acid; the solution was then placed in 
boiling water for a few minutes to coagulate the proteins, which were 
filtered off. An aliquot of the filtrate was removed for urea determination, 
The analysis showed an apparent decomposition of 20 per cent of the argi- 
nine. The remainder of the solution was taken to dryness and extracted 
with a small volume of alcohol. The residue was taken up in a few ce, of 
n NaOH and benzoylated by the Schotten-Baumann reaction. 40 mg. of 
material were obtained which, after recrystallization from 50 per cent aleo- 
hol, weighed 20 mg. and melted at 181°; the mixed melting point with 
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Fig. 4. Urease activity in extracts of the wild type Neurospora grown on ordinary 
medium (Curve A) and on medium containing urea as the sole source of nitrogen 
(Curve B). 2 ml. of extract per Warburg vessel; 1 ml. is equivalent to 1.4 gm. of wet 
weight of mold, or 0.35 gm. of the dry weight. Temperature 28.6°. 


authentic ornithuric acid melting at 185° was 183°. Elementary analysis of 
the sample showed the following composition. 


CisHnO Ns. Calculated. C 67.03, H 5.93, N 8.23 
Found. ** 67.05, ** 6.08, ** 8.11 


Urease in Neurospora—The subsequent fate of the urea formed in the 
arginase reaction was found to be cleavage by urease. The mold for experi- 
ment was grown in Fernbach flasks, harvested at the end of 7 days, and 
washed and ground with sand and the minimal amount of water. The 
resulting paste was centrifuged and the supernatant liquid, containing the 
enzyme, was diluted with 0.05 volume of 3 N acetate buffer at pH 5.1. 2 
ml. of the extract were placed in the main compartment of a Warburg 
vessel, and 0.5 mg. of urea in 0.2 ml. of water was placed in the side arm. 
After temperature equilibration the contents were mixed and carbon dioxide 
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production was measured. The results of two experiments with the wild 
type are plotted in Fig. 4. Contro! vessels containing boiled extract, or 
KOH in the alkali well, showed slight or no gas exchange. In a separate 
experiment it was shown by distillation and titration with standard alkali 
that ammonia is also a product of the reaction. 

Urease activity in Neurospora is not increased when the mold is grown on 
urea as the sole source of nitrogen. There is actually a small decrease 
(Curve B in Fig. 4). This is probably related to the fact that growth on the 
urea medium is somewhat abnormal. Measurements of urease activity in 
the medium on which the mold had grown showed small, barely significant 
carbon dioxide production. It thus appears that the reaction occurs mainly 
in the cells. 


DISCUSSION 


The biosynthesis of a substance like arginine may be expected to proceed 
as an ordered series of chemical steps. One of the basic concepts derived 
from the data presented is that genes control in a primary way the single 
steps making up such a chain of reactions. Mutation involves the loss of 
ability to carry out a single step in the course of a synthesis, and the mutant 
genes in the different arginineless strains of Neurospora are, in effect, stops 
or blocks at different stages in the biosynthesis. It follows that if the re- 
quirements of two different mutant strains are satisfied by the same sub- 
stance x and only one of the strains by a substance y, then y is a precursor of 
x. Thus arginine, which alone can satisfy the requirements of all the 
mutants in the series, clearly stands after ornithine and citrulline in the 
ordered course of the synthesis. Analogous reasoning leads to the conclu- 
sion that ornithine is a precursor of citrulline. A similar line of thought has 
been followed by Tatum, Bonner, and Beadle (10) in establishing the course 
of synthesis of tryptophane by Neurospora. 

An integrated scheme of our present interpretation of the known facts 
concerned with arginine synthesis in Neurospora is represented graphically. 
(Genes controlling various steps in this scheme are identified by the num- 
bers of the mutant strains in which they were first found.) 


Strain 21502 

“ 27947 

“ 29997 Strain 33442 

“ 34105 “30300 Strain 36703 
~~ — —ornithine ——> ——> citrulline ———-———> arginine ————> proteins 

arginase 
urease 
> urea ———-— > CO, and NH, 
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If, in general, single genes control different primary chemical reactions, 
and mutations mark interference with particular reactions in an orderly 
biosynthesis, then the number of different mutations affecting a synthesis 
may be taken as a minimal measure of the number of steps in the reaction 
chain. On such a basis, there are no less, and probably more, than seven 
steps in the synthesis of arginine from sugar and ammonia. Mutations in 
Strains 30300 and 33442 indicate that the synthesis of citrulline from orni- 
thine is achieved in at least two stages, lending support to the view (11) that 
the addition of CO, and NH; to ornithine involves more than one reaction. 


This work was supported by grants from the Rockefeller Foundation and 
the Nutrition Foundation, Inc. The authors wish to express their indebt- 
edness to members of the Genetics Laboratories for the finding and the 
identification of the mutants described in this paper. The work of pro- 
ducing and isolating some of the mutant strains was supported by a 
grant from the Research Corporation. The microanalysis of ornithurie 
acid was carried out by Dr. A. J. Haagen-Smit and Dr. G. Oppenheimer of 
the California Institute of Technology. 


SUMMARY 


Seven genetically and biochemically different arginineless strains in 
Neurospora crassa are described. In each, the arginineless character is in- 
herited as a single gene. The mutant strains are of three general classes: 
those able to grow on arginine, ornithine, or citrulline; those able to make 
use of arginine or citrulline but not ornithine; and one mutant with a spe- 
cific requirement for arginine. This is taken to mean that ornithine and 
citrulline represent different stages in the synthesis of arginine, the synthesis 
occurring in the order ornithine— citrulline— arginine. Double mutant 
strains, obtained by crossing different arginineless mutants, have growth 
requirements that confirm the order of synthesis and manner of genetic 
control postulated above. 

Neurospora is shown to have arginase and urease. 

The interpretation of the experimental results as a whole is that in Neu- 
rospora crassa there is operating an ornithine cycle which follows the same 
general course as proposed by Krebs and Henseleit for urea formation in the 
mammalian liver. Different steps in the cycle are shown to be governed 
by the influence of particular single genes. 
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THE d-AMINO ACID OXIDASE OF NEUROSPORA 
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Among artificially produced mutants of the mold Neurospora have been 
found strains lacking the ability to synthesize specific amino acids (1, 2). 
In the course of biochemical and genetic studies of this group of mutants it 
was observed that some of the mutants, e.g. those deficient in methionine, 
leucine, and arginine,’ are able to utilize racemic mixtures of the amino acids 
with the same efficiency as the /, or physiologically occurring, forms. In 
the cases of the leucine- and the methionine-requiring mutants it was also 
possible to show utilization of the a-keto analogues. It thus appeared pos- 
sible that the mode of conversion of the d to the / isomers consists in oxida- 
tive deam‘nation, followed by resynthesis. A study was therefore under- 
taken to test the ability of Neurospora to oxidize the “unnatural’’ optical 
isomers of the amino acids. It was found that extracts of the mold contain 
a d-amino acid oxidase similar in its action to the d-amino acid oxidase of 
mammalian kidney and liver (3). This finding supports the above hy- 
pothesis for the conversion of the d- to the /-amino acids. 

Since it appears that the d-amino acid oxidase has not been previously 
described in fungi, a number of experiments were performed on the Neuro- 
spora enzyme, the results of which are reported here. 


Methods 


Wild type Neurospora crassa was grown in Fernbach flasks containing 500 
ml. of the salt-sucrose-biotin medium previously described (4). After 7 to 
14 days at 25° the pads were harvested and washed in several changes of the 
basal salt medium. They were then pressed out through a cloth to remove 
excess water and weighed. At this stage the pads weighed 4 to 6 gm. each 
and contained 70 to 75 per cent of water. They were next ground in a 
mortar, with sand and 2 ml. of m/60 pyrophosphate buffer, pH 8.5, per gm. 
of wet tissue. The resulting paste was centrifuged at high speed for several 
minutes, and the supernatant, containing the enzyme, was poured off and 
diluted with 0.25 volume of 0.25 m pyrophosphate, pH 8.5. The final 
pH, determined with the glass electrode, was 8.0 to 8.2. 

Oxygen consumption was measured in the Warburg apparatus at 28.6°. 


‘See the papers on the leucineless mutant (Regnery, D. C., J. Biol. Chem., 154, 
151 (1944)) and on the arginineless mutants (Srb, A. M., and Horowitz, N. H., J. 
Biol. Chem., 154, 129 (1944)). 
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2 ml. of the enzyme solution were placed in the main compartment and 0.2 
ml. of a M/15 solution of the racemic amino acid in the side arm. In the 
case of insoluble amino acids, a solution of the sodium salt was used. KOH 
was placed in the well; the atmosphere was air. 

In all experiments the small autorespiration was automatically corrected 
for by placing enzyme solution in the thermobarometer vessel. 


Results 


Stoichiometric Relations—In the absence of added substrates the oxygen 
consumption of the preparation is slight but measurable. On the addition 
of dl-methionine a rapid oxidation was observed. The rate of oxygen con- 
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Fig. 1. Oxidation of some amino acids by Neurospora d-amino acid oxidase, 
Curve A, di-methionine; Curve B, dl-leucine; Curve C, dl-isoleucine; Curve D, dl- 
valine; Curve E, di-lysine; Curve F, dl-ornithine. The horizontal line is the theoreti- 
cal for the uptake of 1 atom of oxygen per molecule of one optical isomer. 

Fic. 2. pH curves of Neurospora enzyme on di-methionine (Curve A), dl-alanine 
(Curve B), and dl-a-amino-n-caprylic acid (Curve C). 


sumption remained almost constant until 0.25 mole of oxygen per mole of 
dl-methionine was taken up, and then it rapidly dropped to zero. When 
l-methionine was substituted for the racemic mixture, no oxidation occurred. 
It is thus evident that the reaction involves the oxidation of d-methionine 
only, with the uptake of 1 atom of oxygen per molecule (Fig. 1). The same 
relation was found to hold for all other dl-amino acids whose oxidation 
rate was high enough to make an accurate determination of the end-point 
readily possible; namely, dl-phenylalanine, dl-norvaline, dl-citrulline, 
dl-arginine, dl-a-amino-n-butyric acid, dl-leucine, dl-norleucine, dl-isoleu- 
cine, and dl-glutamic acid. 

The keto acid analogue of methionine, a-keto-y-methiolbutyric acid, was 
found to be a product of the oxidation of d-methionine by the enzyme. It 
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was isolated from the reaction mixture in the form of its 2 ,4-dinitrophenyl- 
hydrazone, melting at 149°, in agreement with the melting point published 
by Waelsch and Borek (5) and by Cahill and Rudolph (6). When dissolved 
in alkali the compound gave the red color characteristic of the 2, 4-dinitro- 
phenylhydrazones of a-keto acids. Sulfur (by sodium fusion) was present, 
and sulfhydryl (by the nitroprusside test) was absent. 

pH Optimum—tThe effect of pH changes in the range pH 6 to 10 on the 
activity of the enzyme was determined. Phosphate buffer was used at pH 
6 to 8, pyrophosphate at pH 9 to 10. Determinations were made on three 
different substrates, dl-methionine, dl-alanine, and dl-a-amino-n-caprylic 
acid, respectively. In all cases a marked optimum at pH 8.0 to 8.5 was 
observed (Fig. 2). 

Effect of Substrate Concentration—The relation between substrate concen- 
tration and reaction rate, with dl-methionine as substrate, was found to 
follow the usual hyperbolic law, within experimental limits. The Michaelis 
constant was approximately 2.5 X 10-*. This value represents the concen- 
tration of d-methionine which produces the half maximum velocity, and is 
equal to the dissociation constant of the enzyme-substrate complex. 

Inhibitors—The system is not significantly inhibited by cyanide (0.001 
m), iodoacetate (0.001 m), or benzoate (0.01 m). Benzoate has been re- 
ported to produce complete inhibition of the kidney d-amino acid oxidase 
at a concentration of 0.01 m (7). On the other hand, drying the tissue with 
acetone and ether before extracting does not affect the activity of the mam- 
malian enzyme, but in the case of Neurospora this treatment results in 
inactive preparations. The Neurospora enzyme is competitively inhibited 
by isovaline (see below). 

Specificity—The enzyme was found to oxidize the d forms of most of the 
amino acids tested. Glycine and /-amino acids, with the exception of /-glu- 
tamate, are not oxidized. /-Glutamate is oxidized at less than one-fifth the 
rate of d-glutamate under the conditions of these experiments and presum- 
ably by a different enzyme system. 

As is the case with the d-amino acid oxidase of kidney, d-methionine is the 
substrate most readily attacked by the Neurospora enzyme. The oxygen 
uptake on di-methionine (6.06 XK 10-* m) of sixteen different preparations 
varied from 64.2 to 148 c.mm. of oxygen per hour per gm. of wet weight of , 
mold, with a mean value of 107 c.mm. The cause of the variability is not 
definitely known. The experiments have indicated, however, that the 
variation in activity does not affect the relative rates of oxidation of the 
amino acids. In the determination of the oxidation rates presented in 
Table I the activity of each new enzyme preparation was standardized on 
di-methionine as substrate, to which all other substrates were then re- 


ferred. 
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As can be seen from Table I, the following changes in the structure of the 
substrates destroy their reactivity: shift of the amino group from the a to 
the 8 position; replacement of the hydrogen attached to the a-carbon atom 
by an alkyl group; replacement by methyl groups of both hydrogens 
attached to the amino nitrogen atom; replacement by methyl groups of 
the hydrogens attached to the 6-carbon atom; substitution of a hydroxy! 
group on the 6-carbon atom; and peptide bond formation through the 
carboxyl group. The effect of substitutions on the 8-carbon atom in 


TABLE | 
Relative Rates of Oxidation of Amino Acids by d-Amino Acid Oxidase of Neurospora 
The mean rate of oxidation of dl-methionine = 107 c.mm. of O; per hour per gm, 
of wet mold. All amino acids were tested in a final concentration of 3.03 XK 107%y 
in terms of one optical isomer. 


Rela- 


Substrate tive | Substrate Relative rate 
rate | | 

dl-Methionine 100 | dl-N-Methyileucine... D | 13 
dl-Phenylalanine 85 | dl-a-Aminophenylacetic acid About 9 
dl-Norvaline 85 | dl-Tryptophane Te 
dl-Citrulline 81 | dl-Ornithine... “ 
dl-Arginine 80 | dl-Serine..... 0 
dl-a-Amino-n-butyric acid. 74 | dl-Threonine 0 
dl-Leucine | 66 | dl-Proline 0 
dl-Norleucine 52 | 8-Alanine.. 0 
dl-Glutamic acid 41 | dl-8-Amino-n-butyric acid 0 
dl-Isoleucine 38 | dl-a-Amino-a-methylbutyric acid.... 0 
d(—)-Alanine 33 | dl-a-Amino-a-ethylbutyric acid 0 
dl-Aspartic acid 29 | dl-8,8-Dimethyl-a-amino-n-butyric 
dl-Alanine... 26 | acid 0 
dl-Valine.... ....-| 26 | dl-N,N-Dimethylleucine 0 
dl-a-Amino-n-caprylic acid..| 22 | dl-Leucylglycine ¢ 0 
dl-Lysine 14 | Glycine.... a ay Pero 0 


lowering the reactivity of the substrate has also been noted in studies of 
the mammalian d-amino acid oxidase (8-10). 

Inhibition by Isovaline—A number of the non-reactive amino acids were 
tested for their effect on the oxidation of methionine. If these substances 
attach to the enzyme to form an inactive complex, they should competi- 
tively inhibit the oxidation of other amino acids. If, on the other hand, 
no or only slight complex formation occurs, no inhibition is expected. The 
following compounds were tested: di-serine, di-N , N-dimethylleucine, dl-6- 
amino-n-butyric acid, and dl-isovaline (a-amino-a-methylbutyric acid). 
No inhibition of methionine oxidation was found with the first three, even 
at concentrations which were 10 times higher than the concentration of 
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methionine. It is concluded that in these cases complex formation with 
the enzyme does not occur. 

In the case of the fourth substance tested, isovaline, an inhibition of 
methionine oxidation was observed. The competitive nature of the 
inhibition is indicated by its dependence on the concentration of methi- 
onine (Table II). The dissociation constant of the enzyme-isovaline com- 
plex was calculated by a modification of the equation of Lineweaver and 
Burk (11), 

r ViS)Ki 
~ K,Ki + KD + KAS) 


,/ 





(1) 


TaB_e II 
Inhibition of Neurospora Enzyme by Isovaline 


The concentrations of amino acids are given in terms of one optical isomer. The 
isovaline concentration was 3.0 X 10 min all experiments. A fresh preparation of 
enzyme was used for each experiment. 





Methionine concentration > 








Experiment No. | K; 
u X 108 , ha x 108 

1 3.0 0.36 4.1 

2 3.0 0.36 4.1 

1.5 0.52 4.0 

3 1.5 0.44 5.4 
0.75 0.46 8.8 

4 3.0 0.36 4.1 

1.5 0.53 3.8 

0.75 0.69 3.4 

5 0.75 0.69 3.4 
ee dna atin ord diies Degas 4.6 








where v’ = the rate of inhibited reaction, V = the maximum rate (propor- 
tional to the enzyme concentration), K; = the dissociation constant of the 
enzyme-inhibitor complex, K, = the dissociation constant of the enzyme- 
substrate complex, (S) = the substrate concentration, and (J) = the 
inhibitor concentration. In the absence of inhibitor the rate is given by 
the Michaelis-Menten equation, 


_ _ vs) 
K. + &) 


v 


(2) 


Combining the above equations, one obtains for the inhibited fraction of 
the rate, p, 
v—-v K,(J) 
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from which 
p(K, + (S)) 

Table II shows values of K; calculated by means of Equation 3, with K, = 
2.5 X 10~‘ (see above). The constancy of K; may be considered good in 
view of the errors involved in the determination of K, and of p at low 
concentrations of substrate. 

The failure of isovaline to be oxidized by the enzyme is ascribable to the 
impossibility of forming the imino structure, 


R—CHNH,—COOH + 40, — R—C—COOH + H,O — R—CO—COOH + NH, 
il 
NH 


TaB.e III 
Effect of Chain Length on Reactivity of Straight Chain Amino Acids toward Neurospora 
Enzyme 
Final concentration of amino acids, 3.03 X 10-* m in terms of one optical isomer, 


Atmosphere, air; temperature, 28.6°. 


Oxygen consumed in 


Substrate 1S min. 
Cc. mm. 
dl-Alanine........ A 9.4 
dl-a-Amino-n-butyric acid 17.2 
dl-Norvaline. 21.4 
dl-Norleucine e. 16.9 
dl-a-Amino-n-caprylic acid..... acetkets 6.2 


In the cases of serine, N , N-dimethylleucine, and 8-amino-n-butyric acid, 
imino formation, or its equivalent,’ is theoretically possible, but the reac- 
tion is blocked by factors which prevent attachment of the molecule to the 
enzyme. In the mammalian d-amino acid oxidase, Keilin and Hartree (12) 
have shown that neither a-methylalanine nor N ,N-dimethylalanine 3 
able to form a complex with the enzyme. 

Effect of Chain Length—An important relation shown in Table I con- 
cerns the effect of chain length on the reactivity of substrates toward 
Neurospora enzyme. With increasing length of the carbon chain in the 


? The corresponding oxidation product of N,N-dimethylleucine would be the 


quaternary ammonium salt, R—C—COOH. 


CH;—N—CH; 
+ 








(3) 
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homologous series of straight chain, monoaminomonocarboxylic acids, 
the oxidation rate first rises to a maximum at a length of 5 carbon atoms 
(norvaline) and then drops off. Since the data in Table I were obtained 
at different times, with a fresh enzyme preparation each time, it appeared 
desirable to check this relation on a single preparation. This was done 
with the results shown in Table III. These data corroborate the previous 
result. 

It seems clear from these findings that an optimum chain length exists 
among the substrates of the Neurospora enzyme. The effect of various 
substitutions and internal rearrangements on the reactivity of the substrate 
may thus in part be ascribed to the changes they produce in the length of 
the molecule. Published reports do not indicate a similar dependence in 
the case of crude mammalian d-amino acid oxidase. In the case of the 
purified mammalian enzyme, it appears that rate data are not available for 
a sufficient number of substrates to decide the point. 

DISCUSSION 

The function of d-amino acid oxidase in the metabolism of Neurospora 
is unknown. Any explanation which is based on the hypothesis that the 
organism may encounter racemic amino acids in nature, or that it may 
produce them in the course of the digestion and assimilation of proteins, 
appears unacceptable, since the wild type of Neurospora is able to syn- 
thesize all of its amino acids from carbohydrates and inorganic nitrogen; it 
is consequently independent of external supplies of amino acids. If the 
enzyme serves a useful purpose, it would therefore seem to be concerned 
with products of the organism’s own metabolism. This suggests the 
possibility of symmetric synthesis of amino acids by the mold. The ap- 
plicability to Neurospora of the recent finding by Shemin and Rittenberg 
(13) that d-glutamic acid and d-tyrosine are not synthesized by the ribo- 
flavin-deficient rat is an open question. 

In amino acid-deficient mutants of Neurospora, present evidence sug- 
gests that the d-amino acid oxidase plays an essential part in the trans- 
formation of d-amino acids (supplied from the outside in racemic mixtures) 
to l-amino acids. Thus, d-methionine, d-leucine, and d-arginine are all 
rapidly oxidized by the enzyme and are efficiently utilized by the corre- 
sponding mutant strains. In the cases of methionine and leucine the 
evidence is more complete, in that utilization of the a-keto analogues has 
also been found. The a-keto analogue of arginine has not been tested. 
Further evidence, of an indirect kind, comes from the tryptophane-requir- 
ing mutants. Tatum and Bonner (14) have shown that tryptophane syn- 
thesis in Neurospora occurs by a condensation of indole with /-serine. dl- 
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Serine is only one-half as effective as /-serine in promoting this reaction in 
experiments in vivo (15), indicating that Neurospora is unable to convert 
d- to l-serine. This finding is in harmony with the observation that 
d-serine is not attacked by the Neurospora enzyme. Similar evidence for 
other amino acids has been obtained with mutants currently under investi- 
gation and will be published at a later date. 


This work was supported by grants from the Rockefeller Foundation, 
The author is indebted to Dr. David Bonner for samples of the following 
amino acids: dl-proline, dl-N-methylleucine, dl-N , N-dimethylleucine, and 
dl-8 ,8-dimethyl-a-amino-n-butyric acid. A sample of d(—)-alanine was 
generously provided by Professor M. 8. Dunn of the University of Cali- 
fornia, Los Angeles. 


SUMMARY 


1. Extracts of Neurospora contain a d-amino acid oxidase similar in its 
action to the d-amino acid oxidase of mammalian tissues. 

2. The pH optimum of the system lies at pH 8.0 to 8.5. 

3. The enzyme is destroyed by drying, but is not inhibited by cyanide, 
iodoacetate, or benzoate. It is competitively inhibited by isovaline. 

4. The d forms of the following amino acids are rapidly oxidized: methi- 
onine, phenylalanine, norvaline, citrulline, arginine, a-amino-n-butyric 
acid, leucine, norleucine, isoleucine, and glutamic acid. The following are 
slowly oxidized: aspartic acid, valine, alanine, a-amino-n-caprylic acid, 
lysine, a-aminophenylacetic acid, tryptophane, ornithine, N-methyl- 
leucine. The following are not oxidized: glycine, serine, threonine, proline, 
B-alanine, §-amino-n-butyric acid, a-amino-a-ethylbutyric acid, £,6- 
dimethyl-a-amino-n-butyric acid, N , N-dimethylleucine, leucylglycine, and 
isovaline. 

5. The activity of the enzyme shows a marked dependence on the chain 
length of the substrate. It was found that an optimum chain length 
exists. 

6. The réle of d-amino acid oxidase in the wild type and in mutants of 
Neurospora is discussed. 
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A LEUCINELESS MUTANT STRAIN OF NEUROSPORA CRASSA 
By DAVID C. REGNERY* 


(From the School of Biological Sciences, Stanford University, California) 
(Received for publication, January 21, 1944) 


It has been shown by a number of investigators that genes influence 
specific biochemical reactions (1). Beadle and Tatum (2) have described a 
method by which gene mutations influencing the production of known 
substances can be induced and detected in the red bread mold Neurospora. 
This organism requires for growth only inorganic salts, nitrate or 
ammonium nitrogen, a carbon source, and biotin. Mutant strains have 
been isolated each of which requires for growth a vitamin, amino acid, or 
some other substance in addition to the materials present in the basal 
medium. Several such mutant strains have been found to require the 
amino acid leucine for normal growth, and these were made available to the 
writer for detailed study. At the outset it was appreciated that such a 
leucineless mutant might serve as a basis for a microbiological assay for 
leucine. After extensive tests of three mutant strains, the particular one 
described in this paper, Strain 33757, was selected as the most suitable. 
This originated in material treated with ultraviolet light. 

On the basis of the results described in this paper Ryan and Brand have 
used Strain 33757 to determine leucine in protein hydrolysates and have 
shown the Neurospora method to compare favorably with the isotope dilu- 
tion and solubility product methods. The details of the method as used by 
Ryan and Brand are given in the following paper (3). 

Genetic Analysis—Neurospora crassa is heterothallic; 7.e., produces 
ascospores only if strains of the twe mating types are put together. When 
crosses are made between strains of opposite mating type, fertile fruiting 
bodies are produced which contain asci, each having eight sexual spores 
(ascospores) arranged in linear order. If a mutant strain such as leucineless 
differs from the wild type by a single gene, it follows from the mechanism 
of the cell divisions by which the eight ascospores are produced from a single 
diploid zygote nucleus that each ascus from a cross of the mutant strain 
with the wild type would contain four spores carrying the mutant allele 
and four carrying the original normal allele. Thus if the spores are ger- 


* Nutrition Foundation Fellow at Stanford University. The author is indebted to 
the Nutrition Foundation, Inc., for supporting the fellowship under which the work 
reported was done. He likewise wishes to express his gratitude to members of the 
Genetics Laboratories of Stanford University for helpful suggestions. Dr. D. M 
Bonner kindly supplied the keto acid analogue of leucine as well as leucic acid. Tri- 
peptides were obtained from Dr. M. J. Johnson of the University of Wisconsin. 
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minated, four of the resulting haploid mycelia should be able to grow op 
media deficient in leucine and four should be unable todoso. The arrange. 
ment of pairs of spores carrying mutant or normal alleles indicates the 
distance of the segregating gene from the centromere of the chromosome 
in which it is located (4). 

From crosses of leucineless (Strain 33757) and wild type strains, spores 
from 131 asci were isolated, their positions in the asci recorded, and cultures 
established from them on a medium containing leucine. Transfers of 
conidia were then made to a medium in which no leucine was present and 
the cultures classified as to their ability to grow. In all instances the 
results were consistent with the assumption of a single gene difference 
between leucineless and normal strains. When all eight spores germinated, 
four of the resulting strains grew in the absence of leucine and four did not. 
In 110 asci the two types of spores were arranged in groups of four, indi- 
cating first division segregation, while in the remaining twenty-one asci 
the types were in groups of two as expected from second division segrega- 
tion. This indicates that the gene concerned is approximately eight map 
units from the centromere. 

In genetic crosses leucineless segregated independently of sex (mating 
type) and of the sex-linked character albino-1 and is therefore not located 
on the sex chromosome. It does show linkage with a morphological char- 
acter designated 5801. After a preliminary cross gave riseto the double 
mutant strain leucineless-6801, this double mutant was crossed tothe wild 
type, and spores from forty-two asci isolated in order. An analysis of the 
results summarized in Table I indicates that gene 5801 is close to the centro- 
mere of the chromosome in which it is located and that the leucineless gene 
is about four map units from 5801. 

Specificity of Amino Acid Requirement of Strain 33757—Subcultures of 
the original and of the genetically derived strains of Strain 33757 have 
been maintained at 20-25° on media fortified with leucine and under these 
conditions all stocks have thus far retained the specific characteristics of the 
original culture. Of the amino acids investigated only leucine supports 
growth of this mutant. A negative response was found with each of the 
following: di-alanine, /(+-)-arginine, /(—)-asparagine, /(—)-cystine, I(+)- 
glutamic acid, glycine, /(—)-histidine, /(—)-hydroxyproline, dl-isoleucine, 
1l(+-)-lysine, /(—)-methionine, di-norvaline, dl-norleucine, di-phenylalanine, 
l(—)-proline, di-serine, dl-threonine, 1(—)-tryptophane, /(—)-tyrosine, and 
dl-valine. The growth-promoting activity of the keto and hydroxy acid 
analogues of leucine and certain other related compounds is considered in 4 
subsequent section. 

Germination of Conidia in Response to Leucine—Germination of conidia 
(asexual spores) is readily observed in hanging drop cultures. Spores of 
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Strain 33757 fail to germinate in a medium which contains no leucine or 
\(—)-leucine in a concentration of less than 0.5 y per ml. At 25° signs of 
germination are usually apparent in 4 to 5 hours, although this period is 
markedly influenced by the age of the spores, their degree of desiccation, 
and their size. Variations in sucrose, biotin, or inorganic salt concentration 
do not appreciably affect the time required for germination. 

From these observations it is clear that germination of conidia can be 
used to estimate leucine concentrations. This method is particularly 
useful for bioassays in instances in which only small amounts of material 
are available. 

Quantitative Dependence of Mycelial Growth on Available Leucine—Growth 
responses in Neurospora can be measured in several ways. One of these 
involves the measurement of rate of progression of a mycelial frontier along 


TABLE | 


Data on Segregation of Leucineless in Asci from Cross of Normal and Double Mutan! 
Leucineless, 5801 

Inability to grow in the absence of leucine is indicated by the symbol lc. Mutant 

§801 is designated by its number. + indicates the non-mutant conditions; + tothe 

left indicates ability to grow in absence of leucine; + to the right indicates astrain 

that is not mutant 5801. 








| Constitutions of spores 














No. of asci P ee ee eee ewe. a Se te 
Pair 1 Pair 2 Pair 3 Pair 4 
20 le 6801 | le 5801 | + + + + 
19 + + +r + le 6801 le §801 
1 le 5801 | + 6801 le + + + 
1 le + + + + 6801 le 6801 
1 | + + le + le 6801 + 6801 








the surface of an agar medium (5). This method is unsatisfactory for 
leuineless Strain 33757, because at intermediate leucine concentrations 
growth is sparse and the mycelial frontier is therefore not weli defined. 
Ina second method the dry weight of mycelia produced in liquid medium 
is measured over a limited time interval; e.g., 3 days (6). As a third 
procedure growth may be measured as the maximum mycelial dry weight 
obtained on a given substrate. This “total growth” method has proved 
most satisfactory for leucineless, and all data presented are based on it. 
Quantitative measurements of growth were made by culturing the mu- 
tant strain in Erlenmeyer flasks containing a liquid basal medium com- 
posed of a mixture of inorganic salts, sucrose (2 per cent), and biotin (6). 
Leucine was added in the form of a methionine-free preparation of l(—)- 
leucine. Recrystallization of this did not change its growth-promoting 
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activity. Inoculations were made with suspensions of asexual spores 
Although the size of the inocula was found to be without effect on the fing] 
weight, each flask of an experimental series was inoculated with a fixed 


amount of a single suspension. Flasks of varying sizes were employed, 


depending on the volume of media. For 25 ml. or more of medium, 2 
ml. flasks were used, while for smaller volumes 50 and 125 ml. flasks served. 
Cultures were incubated at 25° and shaken twice daily to prevent sporuls- 
tion. Mycelial weights were determined after the mycelia were removed, 
the excess water squeezed out, and the material dried at 90—100° for 4 hours 


or more. 
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Fic. 1. Dry weight of mycelia produced by Strain 33757 grown for varying times on 


varying amounts of /(—)-leucine. The concentration of leucine is kept constant at 





0.1 mg. per ml. and the amount varied by varying the volume of medium as indicated. | 


The dotted line indicates additional dry weight produced on the filtrate of a7 day 
10 ml. culture following the addition of 1 mg. of 1(—)-leucine and reinoculation. 
Each point represents the average calculated from two to forty-one determinations. 


The stock used for quantitative work was the double mutant leucineless 
albino-1 (Strain 33757-4637). The albino character was added to increase 
the chance of detecting possible contamination with non-leucineless strains, 


most of which would have salmon-colored conidia. Stock cultures were 


maintained on agar slants of the minimal medium fortified with leucine. 
The dry weights attained at different times with three volumes of medium 


are indicated in Fig. 1. It is observed that dry weights reach maximal | 


values and are maintained at a constant level for at least 7 days. That the 
amount of leucine employed is limiting is shown by the fact that if the 
mycelium is removed from a culture after cessation of growth, the filtrate 
autoclaved, leucine added, and the culture reinoculated, further growth#s 
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obtained (Fig. 1). Addition of fresh leucine-free medium to a culture in 
| which growth has ceased does not result in additional growth. Further- 
more, the filtrate of a culture in which growth of the mutant has ceased will 





support growth of a wild type strain. 
It will be noted in Fig. 1 that the dry weights are proportional to the 
amount of leucine and in this case to the amount of medium. If the volume 
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Amount of \(-Heucine — mg. 

Fic. 2. Relation of dry weight production by Strain 33757 to 1(—)-leucine concen- 
iration. The cultures were grown in 10 ml. of medium in 50 ml. flasks for 7 days 
at 25°. 

TaBie II 


Influence of Amount of Sucrose on Weight of Mycelium Produced on Constant Amount 
| (1 Mg.) of Leucine 


| The cultures were incubated 9 days. 





Sucrose per flask Volume of medium per flask Average weight of mycelium 
“CT Te RN i EIR EO Re 
0.20 10.0 27.6 
| 0.20 | 20.0 27.5 
0.20 50.0 27.2 
! 0.40 | 10.0 32.9 
: 0.40 | 20.0 32.8 


1.00 50.0 41.1 


of medium is kept constant, however, a concentration curve showing a 
sight deviation from a linear relation is obtained (Fig. 2). 

If the absolute amount of sucrose is increased, an increased growth of 
_ mycelium is obtained. This holds under conditions of constant concen- 
tration or constant volume (Table II). The limited growth at lower 
sucrose levels is not the result of an insufficient carbon supply, since in all 
cases the filtrates were able to support further growth when supplemented 
with leucine. 
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Utilization of d(+)-Leucine, a-Ketoisocaproic Acid, and Leucie Acid~ 
a-Ketoisocaproic acid, the keto acid analogue of leucine, is as active as l(—). 
leucine both in initiating and supporting growth of Strain 33757. Since 
wild type Neurospora contains d-amino acid oxidase which is active ip 
oxidizing d(+)-leucine to its a-keto derivative (7), one might expect the 
leucineless mutant to utilize d(+)-leucine along such a pathway. The 
growth-promoting activities of racemic and natural leucine are compared 
in Table III. At a concentration of 1 mg. per 10 ml. the activities of dj- 
and l(—)-leucine are equal, but at lower concentrations the activity of the 
di mixture is less. If mycelia are removed from cultures initially contain- 
ing dl-leucine when they have produced approximately half the weight 
expected at completion of growth, the reautoclaved culture medium wil 


Tasie III 
Dry Weight of Mycelia Produced in Cultures Containing dl-Leucine or |(—)-Leucin 
In all cases the amount of leucine supplied per flask was 1.0 mg. 


Dry weight of mycelia on 





Time of incubation Volume of medium : , —_ ——— 
dl-Leucine 1(—)-Leucine 
days ml. meg. mg. 

3 10 24.4 25.1 
20 | 19.1 
30 17.4 

7 10 29.0 28.1 
20 24.0 27.6 
30 19.2 27.2 

9 10 30.8 29.2 
20 25.4 
30 | 23.3 





not support growth of the leucineless strain. Presumably only d(+)- 
leucine remains in the medium. If /(—)-leucine is added to such a culture 





medium, growth is supported to the extent expected on the assumption | 
that under these conditions both isomers are used. It is possible that this | 


behavior is the result of the d-amino acid oxidase activity of the spores 
being too low to provide enough a-keto acid to initiate growth, but that onee 
mycelial growth is started d(+-)-leucine can be utilized. 

Leucice acid, the hydroxy acid analogue, will replace leucine, but only 
after an initial stimulation with the amino acid. If no leucine is present, 
the growth on leucic acid is restricted to a few hyphae; with the addition 
of a small amount of leucine (0.02 mg. per 10 ml.) the response to 1 mg. 
leucic acid is equal in rate and amount of growth to that observed in a cor 
responding amount of leucine. The “adaptation” to leucic acid does no 
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carry over through conidial transfers. Variations in pH over the range 
3.9 to 8.0 and in temperature from 20-35° did not result in the initiation of 
growth on the hydroxy acid. Frequently when a very large inoculum is 
used, growth will occur in media containing leucic acid alone, possibly 
because an appreciable amount of leucine is included in the inoculum. 
Influence of Other Substances—On the supposition that other compounds 
related to leucine or to the metabolism of leucine might satisfy the growth 
requirements of Strain 33757, the following substances were tested indi- 
vidually and in the presence of leucine: acetic, propionic, n-butyric, iso- 
butyric, n-valeric, isovaleric, n-caproic, and isocaproic acids, acetone, 
isobutyraldehyde, isovaleraldehyde, isoamyl! alcohol, and isoamylamine. 
In the absence of leucine none of these showed activity. When added to 
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Fig. 3. Relation of dry weight production by Strain 33757 to isovaleric acid added 
to the media. Additions of isovaleric acid are expressed in ml. of acid per culture 
flask containing 10 ml. of medium. 


media containing leucine, however, isovaleric acid, isovaleraldehyde, and 
to a lesser extent isoamyl] alcohol markedly increased the yield of mycelium. 
For example, 0.001 ml. of isovaleric acid or isovaleraldehyde and | mg. of 
(—)-leucine in 10 ml. of medium increased the 9 day yield from 28 mg. to 
42.5 mg. (Fig. 3). A similar increase was produced by the addition of 0.5 
ml. of isoamyl alcohol. Higher concentrations of these compounds were 
inhibitory. All attempts to obtain growth on isovaleric acid or aldehyde 
alone by transferring from a medium containing /(—)-leucine were‘hega- 
tive. In all cases cultures yielding high dry weights were checked and 
failed to grow on leucine-free medium, showing that neither reversion nor 
contamination had occurred. 

Effects of Other V ariables—Increasing salt concentration up to twice that 
ordinarily used has little or no effect on the amount of dry weight produced. 
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Within a pH range of 3.9 to 7.6, the hydrogen ion concentration of the 
culture medium has an insignificant effect on the weight-leucine ratio. 
This is likewise true of temperature variations between 20-30°, but above 
35° there is a marked falling off of dry weight. At 40° the mycelial weight 
per mg. of leucine was 17.6 mg., whereas at 25° the corresponding value was 
28 mg. under the conditions reported in Fig. 2. 

Hydrolysis of Peptides and Proteins by Strain 33757—The dipeptides, dl- 
leucylglycine and glycyl-/-leucine, are utilized by this mutant although 


TaBie IV 

Leucine Values for Casein* As Measured by Neurospora Bioassay 
In all cases, measurements were made at 25° in 50 ml. flasks containing 10 ml. of 
culture medium. 


Incuba- Dry 


- . . : Recovery 
etascin | easel” (i(—}-leucine| tion, | weight of | “Setting | content | of added 
me. ms days me. meg. per cent per cent 
HCl-hydro- 10 0 S 31.1 1.1 1] 
lyzed 32.8 > am wee 
5 | 0 8 19.8 | 0.65 | 13 | 
| 20.7 | 0.70 13 
| & | 0.5 8 29.7 | 1.0 | 9 
| 30.8 1.1 J 
ie 0.5 8 15.9 
16.1 
Tryptic-hy- 10 0 5 31.6 1.1 1] 
drolyzed 7 31.5 1.1 
5 0.5 5 30.3 1.05 100 
7 30.2 | 1.05 
0 ;} 1.0 5 | 29.8 | 
7 28.1 | 
Unhydrolyzed| 10 0 8 29.7 1.05 10.5 
30.5 1.05 10.5 
= FP 1.1 11.0 
10 29.6 l 10 


on 


*S. M. A. Corporation, vitamin-free preparation. 


in each case growth is initially slower than on leucine. ‘The final weights : 


attained on glycyl-l-leucine are equal to those induced by an equimolar 
quantity of leucine, while those attained with dl-leucylglycine are lower 
than would be expected on the basis of complete hydrolysis and utilization. 
Leucyldiglycine is apparently not hydrolyzed, since a mixture with leucine 
gives values no greater than the leucine controls. Tested in the same fash- 
ion, glycylleucylglycine shows slight activity. Since the production of 
peptidases frequently is increased by growth on unhydrolyzed proteins, 














the 
bio 
inv 
ma 
mig 
pric 
tho 
acti 
fror 
leuc 
The 


pre 
acic 
in it 
prec 
leuc 
leuc 











D. C. REGNERY 159 


attempts were made to obtain growth on the three inactive peptides by 
making use of mycelial transfers from cultures growing on gelatin, casein, 
egg albumin, or glycyl-l-leucine. In all cases these attempts were un- 
successful. 

The leucineless mutant can hydrolyze proteins and thereby satisfy its 
leucine requirement if mycelial inocula are used or if growth is started by 
adding a small amount of free leucine. Casein and zein produce abundant 
growth in 5 days. Hemoglobin and gliadin are likewise rather readily 
broken down, whereas gelatin and egg albumin are more slowly utilized. 
Table IV summarizes preliminary data on the leucine content of casein. 
The results obtained with the unhydrolyzed protein, an acid hydrolysate, 
and a tryptic digest are in reasonable agreement. On the basis of this 
general procedure Ryan and Brand have developed a quantitative method 
for the determination of leucine in protein hydrclysates, which is reported 
in the following paper (3). 

DISCUSSION 

It is assumed that in Strain 33757 leucine is not synthesized because of 
the inactivation or loss of a gene which is necessary for some one step in the 
biosynthesis of leucine. This need not imply that there is only one gene 
involved in this synthesis. In fact, it seems more likely that there are as 
many genes concerned as there are steps involved in the synthesis. It 
might reasonably be expected that precursors entering into the system 
prior to the reaction blocked in Strain 33757 would be inactive, whereas 
those that enter reactions subsequent to the blocked reaction would be 
active in promoting growth. On such a basis it is difficult to determine 
from the available information what reactions are normally involved in 
leucine synthesis and which of these is blocked in the leucineless strain. 
The keto acid analogue of leucine is the only compound tried that is the 
equivalent of leucine for the mutant strain. It is therefore probably a 
precursor of leucine. Leucic acid may be utilized via oxidation to the keto 
acid. Since isovaleric acid or aldehyde and isoamy! alcohol are not active 
in initiating growth of the mutant, it seems likely that they are not normal 
precursors but that they may be converted into normal precursors or into 
leucine by reactions that are not part of the normal course of synthesis of 
leucine in Neurospora. 


SUMMARY 


An ultraviolet light-induced leucineless mutant strain of Neurospora 
crassa is reported which is differentiated from normal by a single gene. 

The leucineless strain responds specifically to leucine and its keto acid 
analogue. Conidia of this strain fail to germinate and mycelia fail to grow 
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in the absence of leucine or a-ketoisocaproic acid. Other amino acids and 
various other compounds related to leucine are inactive in inducing ger- 
mination or growth. Leucic acid shows growth-promoting activity if 
growth is initiated by adding small amounts of /(— )-leucine or its keto acid 
analogue. Isovaleric acid, isovaleraldehyde, isoamy! alcohol, and d(+)- 
leucine in the presence of /(—)-leucine increase the weight over that of the 
1(—)-leucine controls but by themselves will not initiate growth. 

Under standard conditions the dry weight of mycelium produced by 
leucineless in liquid culture is approximately proportional to the leucine 
available. The weight-leucine relation is stable over rather wide varia- 
tions in pH, temperature, salt concentration, and presence cf various 
extraneous substances. It is, however, influenced by wide variations in 
the sucrose-leucine ratio. 

A leucineless mycelium, once growth is started, is capable of obtaining 
the leucine it requires for further growth from certain peptides and proteins. 
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(Received for publication, March 20, 1944) 


The first amino acid to be obtained from proteins was leucine. In 1819 
it was obtained by a microbiological procedure (1) and in 1820 by acid 
hydrolysis (2). Almost a hundred years elapsed before the presence was 
recognized (3) in proteins of an isomer of leucinz, isoleucine, which could 
be separated from leucine only with great difficulty. 

With the exception of the protamines, leucine has been found together 
with isoleucine in all proteins! and these amino acids frequently constitute 
an appreciable part of the molecule. It is only recently that accurate 
methods have been described for the determination of leucine and iso- 
leucine together? and of 1(+-)-leucine.** The two methods for the deter- 
mination of /(+)-leucine require much time and analytical skill; the isotope 
dilution method, moreover, makes use of highly specialized equipment. 

This paper describes an accurate, relatively simple microbiological 
method, based upon the work of Beadle and Tatum on mutants of Neuro- 
spora (9), for the determination of /(+-)-leucine. For this purpose, the 
“leucineless’”’ strain of Neurospora crassa described by Regnery in the 
preceding paper (10) was used. 

The reliability of the new microbiological procedure was checked by a 
comparison with the methods dependent on solubility product and the 
isotope dilution (cf. Table V). We are indebted to Dr. Bergmann, Dr. 
Stein, and Dr. Moore for preparations of gelatin and crystalline egg albu- 
min. With our new method we find 3.6 and 9.6 per cent of leucine respec- 
tively in these preparations, while 3.5 and 9.1 per cent were obtained by 
Moore and Stein by the solubility product method (6). We are likewise 
indebted to Dr. G. L. Foster for a preparation of crystalline horse hemo- 


* Some of the experiments reported in this paper were presented before the Di- 
vision of Biological Chemistry at the Pittsburgh meeting of the American Chemical 
Society, September, 1943. 

! Ribonuclease does not contain [(+)-leucine (E. Brand and F. J. Ryan, unpub- 
lished experiments). 

? Chromatographic adsorption method of Synge and coworkers (4). 

‘Isotope dilution method of Rittenberg and Foster (5) and solubility product 
method of Bergmann and coworkers (6, 7). 

‘ For the designation cf. Clarke (8). 
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globin with a /(+)-leucine content of 15.1 per cent as determined by the 
isotope dilution method. The leucine content of this preparation deter- 
mined microbiologically was 15.7 per cent. It, therefore, appears that for 
proteins of leucine contents ranging from 3 to 16 per cent the microbiological 
procedure yields values which are consistent with those obtained by two 
other reliable methods of determination based upon fundamentally different 
principles. 

A reasonable estimate of the amount of isoleucine in protein hydrolysates 
may be obtained from the difference between the values for leucine + 
isoleucine (determined chromatographically (4) or by Dakin’s method 


(11)) and for leucine. For example, the leucine + isoleucine content of | 


gelatin was found to be 6.7 per cent chromatographically (4) and 7.1 per 
cent by Dakin (11). Subtracting the leucine content of gelatin (3.6 per 
cent established by two independent methods, cf. Table V) we obtain a 
probable isoleucine content of gelatin of from 3.1 to 3.5 per cent. 

The mutant of Neurospora which we have used for the determination of 
leucine needs for growth only this one amino acid, a single vitamin (biotin), 
sugar, and salts. For bioassays this relative simplicity is a great advan- 
tage, particularly when contrasted with the multiple amino acid and vita- 
min requirements of Lactobacillus. This multiplicity and interdependence 
of growth factors complicates bioassays with various strains of Lactobacillus, 
as is apparent from the current discussion in the literature (12-19). These 
difficulties are reflected in the discrepancies in the values for the amino acid 
content of protein hydrolysates determined with the aid of Lactobacillus. 
In a conservative approach we would refrain from considering such micro- 
biological values as significant without other confirmation such as compari- 
son with dependable data in the literature. 

In the case of arginine the bioassay with Lactobacillus casei gives reliable 
results since McMahan and Snell’s (18) figures for the arginine content of 
several proteins are in good agreement with the literature. This agree- 
ment, however, does not necessarily prove the reliability of this particular 
procedure (18) when applied to other amino acids; each amino acid consti- 
tutes a separate problem. 

The interpretation of the microbiological values is particularly difficult 
for those amino acids for which there are few conclusive data in the litera- 
ture (e.g. the valine content of casein is 6.8 per cent according to McMahan 
and Snell (18) and 4.9 per cent according to Hegsted (19)). 

For the leucine content of proteins reliable data, obtained by the method 
of solubility product and isotope dilution, are available in the literature 
only for gelatin, egg albumin, and horse hemoglobin (previous data in the 
literature refer to the leucine + isoleucine content). Since the method with 


°G. L. Foster, personal communication. 
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Neurospora yields reliable values for the leucine content of the above three 
proteins (cf. Table V), our results can be used for these and other proteins 
as a basis of comparison. For gelatin (3.6 per cent leucine) and for casein 
(9.8 per cent leucine) the results of Kuiken et al. (17) with Lactobacillus 
arabinosus compare favorably (3.3 and 9.3 per cent leucine respectively). 
On the other hand, Hegsted (19) finds much less leucine in casein (7.4 per 
cent) and his value for leucine in edestin (5.5 per cent) is likewise appre- 
ciably lower than ours (7.4 per cent). 

The fact that Kuiken e¢ al. (17) find only 1.7 per cent of isoleucine in 
gelatin (or one-half of the amount of isoleucine that may, from the above 
discussion, be assumed to be present) throws doubt upon their value for the 
isoleucine content of casein (6.5 per cent). From the results for gelatin 
it could be inferred that their value for casein may be too low, but it seems 
high if the data in the literature (20) are considered in conjunction with our 
values for the leucine content of this protein. 

The bioassay of amino acids is in its very beginning. Despite the com- 
plexities the outlook is favorable, provided that proper criteria are adopted 
to establish the reliability of the new methods. 


EXPERIMENTAL 


Organism—The fungus Neurospora consists of a white fibrous mat (my- 
celium) which propagates by the formation of asexual spores (conidia) 
which appear macroscopically as a fine powder, usually pink, but white 
in the case of albino strains of Neurospora. As the myvelium ages, it 
becomes transformed almost entirely into conidia which will not germinate; 
ie., produce a new mycelium until transferred to fresh medium. The 
leucineless mutant, Strain 33753-4637 (A) (subsequently referred to as the 
mutant), is an albino, genetically pure and unisexual strain of Neurospora 
crassa and its stock cultures as received are for the most part a conidial 
mass. 

Maintenance of Stock Cultures—Stock cultures are maintained in test- 
tubes (160 XK 16 mm.) on agar slants. These are prepared by dissolving 
with heat 2 gm. of agar (Bacto) and 0.5 gm. of casein hydrolysate (Casa- 
mino acids, Difco) in 100 cc. of basal medium (cf. below). About 10 ce. 
of this solution per test-tube (plugged with non-absorbent cotton) are 
sterilized by autoclaving for 10 minutes at 15 pounds pressure and allowed 
to cool in a slanted position. Upon receipt of a stock culture a smail clump 
of conidia is transferred on the tip of a sterile needle to each of several 
sterile agar slants. Growth is permitted to take place at about 25° for 6 
to 8 days until profuse formation of conidia occurs; the test-tubes are then 
stored at about 10°. Stock cultures prepared and stored in this manner 
can be used for 1 or 2 months, after which time fresh stock cultures should 
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be prepared by again transferring to fresh medium. In our experience the 
stock has thus far remained genetically pure and can be maintained if 
proper sterile technique is used. Contamination of stock cultures has not 
been observed but if it occurs such cultures should be discarded since 
purification is rather difficult. 

Basal Medium—The basal medium is a modified Fries solution (21) and 
was selected for reasons discussed in detail by Ryan, Beadle, and Tatum 
(22); its composition is given in Table I. The basal medium is an almost 
colorless, clear solution with a pH of 5.5. Immediately after the prepara- 
tion of a batch it is transferred to Pyrex bottles (not larger than 1 liter) 
which are plugged with non-absorbent cotton and sterilized by steaming 


TaABLe I 
Composition of Basal Medium* 

Ammonium tartrate, gm...... 50 

* nitrate, 10 
Potassium phosphate, monobasic, Sérensen’s, gm. 10 
Magnesium sulfate-7H,O, gm. 5 
Sodium chloride, gm. ] 
Calcium ‘“ anhydrous, gm. l 
Sucrose, gm. 100 
Biotin, 8. M. A. Corporation, concentrate No. 200, cc. 2 (40 y) 
Boric acid, mg..... 57 | 
Ferric chloride-6H,O, mg. 96 | 
Zine chloride, mg. 420 |. ; Ps 
Manganese chloride-4H,O, mg. 144 ! bm 1 Miter dietilted water, ec. ™ 
Sodium molybdate, mg. 42 
Copper sulfate, mg. 375 


Distilled water to 10 liters 
Add salts to water 


* All materials are reagent grade. 
in an autoclave first at atmospheric pressure for 15 minutes and then at 
15 pounds for 30 minutes, or at 20 pounds for 15 minutes. Repeated 
autoclaving should be avoided. Solutions that become opalescent, cloudy, 
or colored should be discarded. 

Assay Technique—The following procedure has been adopted as the 
result of numerous experiments which will be discussed briefly below but 
not reported in detail. 

1. Up to 5 ec. of a standard solution of /(+-)-leucine or of an unknown 
solution such as a protein hydrolysate (cf. hydrolysis) are measured into a 
125 ec. Pyrex Erlenmeyer flask. If less than 5 ec. of the standard or un- 
known is used, distilled water is added to make the volume 5 cc. The total 
amount of leucine in the standard or unknown should be no less than 0.2 
and no more than 0.8 mg. (cf. “Standardization’’). 
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2. 45 cc. of basal medium are added and mixed. 

3. The flasks are plugged with non-absorbent cotton and sterilized by 
autoclaving for 10 minutes at 15 pounds pressure. 

4. When cool the flasks are inoculated with conidia from a stock culture. 
The amount of conidia used is not critical but the smallest quantity macro- 
scopically visible on the tip of a sterile needle should be employed. 

5. The flasks are incubated at a constant temperature of 30.0° + 0.2°. 

6. The experimental cultures are permitted to grow for 8} days, during 
which time they are shaken by hand twice daily to prevent the mycelium 
from adhering to the walls of the flask and forming conidia. 

7. The contents of the flask are then filtered with suction through a tared 
30 cc. glass crucible with a sintered bottom (Jena porosity 4 or Pyrex 
porosity F, selected for rapid filtration). The tare weight of the crucible is 
established after it has been cleaned, first with chromate-sulfuric acid 
solution for 2 hours, rinsed in tap and distilled water, then washed with 
suction, twice with distilled water, and once with 95 per cent alcohol, and 
finally dried for 12 hours over CaCl, in a vacuum desiccator at room tem- 
perature. Forceps with rubber tubing on the tips are used to handle the 
clean crucibles. 

8. Suction is continued until the mycelium forms an opaque white mat 
on the bottom of the crucible; this should not require more than 30 to 60 
seconds. 

9. The Erlenmeyer flask which contained the mycelium is rinsed twice 
with 12.5 cc. of distilled water which is used for two washings of the mat 
in the crucible in such a way that the mat is first stirred up and then re- 
formed as in step (8). 

10. The lower part of the crucible is now wiped dry with a clean lint-free 
cloth. 

11. The crucible and contents are dried at room temperature over CaCl, 
in a desiccator evacuated with an oil pump (through a drierite chamber) 
to about 5 mm. pressure. After about 18 hours at this pressure the cruci- 
bles have attained constant weight. 

12. The crucibles are weighed to within 0.1 mg. and the dry weight of the 
mycelium determined. 

13. The leucine equivalent of the weight of the dry mycelium is read 
from a standard curve or, preferably, calculated with the aid of a regression 
coefficient obtained from such a curve. 

Although some of the details in the procedure described above may not 
be critical, any attempted deviation should be carefully considered and 
an investigation made of the influence of such a change. For instance, the 
use of a flask different in size and shape from the one recommended in step 
(1) may influence the results by modifying gas exchange during growth. 
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Again, the conditions of autoclaving in step (2) are designed so that the 
sugar concentration is not reduced by caramelization and does not become a 
limiting factor for growth. No detailed experiments were carried out 
on the influence of temperature but the 30.0° + 0.2° recommended in step 
(5) is not critical. It was chosen because studies on the rate of growth of 
Neurospora in tubes (22) indicate a favorable temperature range between 
25-35°. (Unfortunately a temperature of 37° has injurious effects.) At 
30°, 43.3 mg. of dry mycelium are produced per mg. of leucine in 8} days 
(cf. “Standardization”’). 

A number of other points become clear if it is realized that what is meas- 
ured is approximately maximum growth with leucine as the limiting factor. 
The amount of mycelium obtained after 7, 83, and 10 days at 30° was stud- 
ied and 8} days was chosen (step (6)) because it lies on the asymptotic part 
of the growth curve where small differences in time, such as those associated 
with the filtering procedure, have no detectable effect on mycelial weight. 
Also, since at 8} days the mycelium has increased to a good approximation 
of maximum weight on all concentrations of leucine within the limits of the 
method (cf. “Standardization’’), small differences in inoculum size, ete., 
which affect the rate of growth have no influence on final weight. It was 
therefore not necessary to attempt control of inoculum size by the use of a 
suspension of conidia. 

The determination of dry weight of the mycelium in filter crucibles as 
described in steps (7) to (12) is a deviation from the technique heretofore 
employed with Neurospora in which the mycelium is pressed between filter 
paper, rolled into pellets, and dried in an oven. 

Standardization—Extensive preliminary experiments were carried out 
with a commercial preparation of /(+-)-leucine, the final experiments with 
a sample of pure /(+-)-leucine for which we are indebted to Dr. Bergmann, 
Dr. Stein, and Dr. Moore (cf. (6)). In Fig. 1, mg. of mycelial weight are 
plotted against mg. of leucine present; the individual points represent the 
average of from two to five determinations in a series of four experiments. 
It can be seen that a linear relation exists between mycelial weight and 
leucine, up to about 36 mg. of mycelium. The line in Fig. 1 was calculated 
by the method of least squares from twenty-four determinations between 
11 and 36 mg. of mycelium. The standard deviation of these twenty-four 
points from the calculated line is 3 per cent and the standard error 0.6 per 
cent. The relation between mg. of leucine present and mg. of mycelium 
obtained can therefore be expressed in the form of the following straight 
line equation, 


mg. mycelium 
42.66 


Mg. leucine = — 0.002 (1) 
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or approximately 


Mg. leucine = 0.02335 X mg. mycelium (2) 


In assays all experiments yielding mycelial weights of less than 10 mg. are 
routinely discarded as too small for accurate weighing. Likewise, mycelial 
weights above 35 mg. are eliminated as too close to the point at which the 
values begin to deviate from a straight line (cf. Table II). 

Once a standard curve is established, only occasional checks need be 
run, since under standard conditions the numerical relation between leucine 
and growth has proved constant and reproducible over a considerable 
period of time. 
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Fia. 1. Relation of leucine to mycelial weight 


Adaptations—Occasionally a culture of the mutant grows as if it had no 
special requirement for /(+)-leucine, behaving similarly to the wild type 
from which it was derived. This phenomenon, as yet not clearly under- 
stood, is called ‘‘adaptation.”” Under our standard conditions, the mycelial 
weight of an ‘‘adapted’’ culture varies from 40 to 100 mg. independently of 
the amount of leucine present. Such adaptations occur on the average in 
about 5 per cent of the experiments. They are easily recognized and auto- 
matically discarded, since all mycelial weights above 35 mg. are eliminated 
from consideration (cf. ‘‘Standardization”’). An example is given in Table 
II, in which the results on insulin are reported. It can be seen that no 
adaptations occurred in the ten determinations on Hydrolysate 1, while 
there were three in the ten determinations on Hydrolysate 2. 

If an adaptation occurs early in the growth period, it will easily be recog- 
nized, but if it occurs near the end, it may result in only a slight increase in 
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Taste Ii 
Determination of 1(+-)-Leucine in Crystalline Insulin* 

















Hydrolysate analyzed | Weight of dry Yakest of Sry Leucine content 
lysate . Sia |) —— of protein 
Volume Protein epee ieet | standard leu- (6) = 2 X 100 
cine curve (3) 
(2) (3) (4) (5) 
ce. mg. | mg. | meg. per cent 
} 10 | O91 | 4.8 | 
1.0 | 0.91 4.7f 
| | Ader ec. alhd tone 
1.5 | 1.87 | 6.5¢ | 
20 | 1.83 | 10.2 0.237 12.9 
2.0 | 1.83 9.9f 
3.0 2.74 15.3 0.356 13.0 
| 3.0 2.74 16.0 0.373 13.6 
4.0 3.64 21.8 0.509 14.0 
4.0 3.64 | 21.7 0.507 13.9 
Mean + standard error 13.5 + 0.3 
Standard deviation.... 0.5 
1.5 2.165 | 12.1 | 0.288 13.1 
1.5 2.15 11.3 0.264 12.3 
1.5 2.15 11.6 0.272 12.6 
2.0 2.89 16.7 0.390 13.5 
2.0 2.89 17.3 0.404 14.0 
2.0 2.89 43.6 
2.0 2.89 45.2t 
3.0 4.31 25.5 0.596 13.8 
3.0 4.31 24.6 0.574 13.3 
3.0 4.31 51.3 


13.2 + 0.3 


++ 
| 


Mean + standard error... 








Standard deviation... 0.6 
1+2 Combined mean + standard error (12 deter- 
OS Se a ee a ee 13.3 + 0.2 
Standard deviation. . 0.6 


Leucine content of crystalline insulin (corrected for ash) = 13.4 %, 101.4 moles 
per gm. X 10°, 47 residues per mole of 46,000 (ultracentrifuge, cf. (23)), 45 residues 
per mole of 44,600 (from unpublished analytical data of E. Brand and L. J. Saidel) 





* We are indebted to Dr. V. du Vigneaud for the sample of crystalline insulin 
(ash content 0.8 per cent). 

t 36.55 mg. of dry protein were hydrolyzed for 13 hours with 3 ec. of 6 Nn HCl in 
an oil bath at 130-140°. The hydrolysate was adjusted with 2.5 n NaOH to pH 5.2 
(glass electrode), brom-cresol green being used as an internal indicator, and made 
up to 100 cc. 

t Only mycelial weights between 10 and 35 mg. are considered (cf. ‘‘Standardiza- 
tion’’). 

§ 35.94 mg. of dry protein were hydrolyzed for 154 hours in the same way as Hy- 
drolysate 1, but made up to 25 cc. (pH 4.30). 
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mycelial weight. Such partial adaptations are probably not much more 
frequent than complete adaptations (e.g., there were none in the twenty 
determinations on insulin hydrolysates in Table II). The partial adapta- 
tions cannot be distinguished from high values obtained for other reasons 
and therefore must be eliminated by a statistical analysis of the data (cf. 
Table III). 

Statistical Analysis—The mean and standard deviation of the per cent 
leucine are calculated for the individual hydrolysates (Table III, Column 
6). All values which deviate from the mean by more than twice the stand- 
ard deviation are eliminated. In view of the occurrence of partial adapta- 
tions it is statistically justifiable to eliminate such values. This is essen- 
tially the same as accepting as significant a probability of 0.05, a procedure 
widely used by statisticians (cf. (24)). The accepted values from two or 
more hydrolysates (with similar means) are then combined, the mean and 
standard deviation established, and all values eliminated which differ 
by more than twice the standard deviation. For instance, in the experi- 
ments with horse hemoglobin, reported in Table III, three out of eight 
values are eliminated from those for Hydrolysate 1, while for Hydrolysate 
2 only two out of eight differ from the mean by more than twice the stand- 
ard deviation. In establishing the combined mean for Hydrolysates 1 and 
2, another value from Hydrolysate 1 is eliminated. The final value for 
horse hemoglobin, based on ten determinations, is 15.7 + 0.1 per cent with 
a standard deviation of 0.2 per cent, in close agreement with the leucine 
content obtained by the isotope dilution method’ (15.1 per cent, ef. Table 
V). Itshould be noted that in the case of hemoglobin all values eliminated 
by statistical analysis are higher than the mean finally established. This 
is in agreement with our general experience in which values lower than 
the mean by more than twice the standard deviation are rarely observed. 
This, in turn, confirms our suspicion that high values are frequently the 
result of a partial adaptation. In order to obtain significant results, it 
seems necessary to carry out a considerable number of determinations 
(eight to twelve) per hydrolysate and eliminate statistically any partial 
adaptations. 

The values in Tables II to VI are presented as means + their standard 
errors. 

Hydrogen Ion Concentration—The dependence of the growth of the mu- 
tant on pH has not been studied in detail under our conditions (cf. (10)). 
The growth of the mutant begins on a medium (basal + leucine standard) 
with a pH of 5.5; when growth is completed, after 8} days, the pH is about 
4.5. If the acidity of the 5 ec. of unknown used in the assay (cf. “Assay 
technique,” step (1)) is between pH 1.5 and 2.2, somewhat high values of 
mycelial weight are obtained. It has been our impression that higher 
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Tase III 
Determination of 1(+-)-Leucine in Horse Hemoglobin* 








Leucine equiv- 


Hydrolysate analyzed — alent of dry — 
Weight of dry eeeulioenéniee-| Leucine content 


mySeveste See h «enters pam» atl mycelium lated from | of protein 
| : : after 84 days standard leu- | Pe | 
| Volume Protein | eles Glave 6 3) x 100 
i (2) (3) (4) 5) 
ce meg. meg me. per cent 
lt 2 1.81 12.1 0.282 15.6 
2 1.81 11.9 0.277 15.3 
3 2.73 22.7% 0.530t | (19.4)t 
3 2.73 19.5t 0.455t | (16.7)t 
3 2.73 18.3 0.427 15.6 
4 3.65 24.6 0.575 15.8 
4 3.65 25.7 0.600 | 16.4§ 
4 3.65 26.0t 0.608t (16.7)f 
Mean + standard error ; 15.7 + 0.2 
Standard deviation... 0.4 
P| 2 1.87 12.9 0.2 | 16.0 
2 1.87 13.5t 0.314t | (16.8)t 
3 2.80 19.3 0.451 | 16.1 
3 2.80 18.7 0.436 15.6 
3 2.80 18.9 0.441 15.8 
4 3.76 25.4 0.593 | 15.8 
+ 3.76 25.1 0.586 15.6 
4 3.76 26.51 0.619f (16.5)t 
Mean + standard error 15.8 + 0.1 
Standard deviation | 0.2 
1+ 2 | Combined mean + standard error (10 deter- | 
minations) 15.7 + 0.1 
Standard deviation } 0.2 


Leucine content of horse hemoglobin = 15.7 %, 119.7 moles per gm. X 10, 80 
residues per mole (66,700) 


* We are indebted to Dr. G. L. Foster for the sample of recrystallized horse hemo- 
globin. 

t 90.6 mg. of dry protein were hydrolyzed for 14 hours with 7 ec. of 6 N HCl in an 
oil bath at 130-140°. Most of the HCl was removed by repeated (four times) evapo- 
ration in vacuo; the hydrolysate was then made up to a volume of 100 cc. and filtered. 

t These values are excluded since they deviate from the mean by more than twice 
the standard deviation. They are possibly the result of a partial adaptation of the 
leucineless mutant to the wild type condition. 

§ This value is excluded since it deviates from the combined mean by more than 
twice the standard deviation. 

|| 93.7 mg. of dry protein were hydrolyzed for 13 hours and treated essentially as 
Hydrolysate 2. The pH of the final solution was 3.4 (glass electrode). 
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acidities may be associated with a somewhat higher incidence of complete 
and partial adaptations. Although this point has by no means been 
established, it is desirable to adjust the pH of the unknown to between3.5 
and 5.0. Since brom-cresol green has no influence on the final weight of 
the mutant, it can be used as an internal indicator to adjust the pH of the 
hydrolysate to about 4.5. 

Preparation of Hydrolysates—The hydrolysis is carried out in flasks with 
a capacity of 40 to 75 cc., connected to reflux condensers by a standard glass 
joint (19/38). Several small boiling stones are added; capryl alcohol 
should be avoided. From 25 to 250 mg. of protein are hydrolyzed with 3 
to 10 cc. of 6 N HCl for 13 to 17 hours in a bath kept at 130-140°. About 
90 per cent of the HCl is neutralized with the calculated amount of 2.5 n 
NaOH with cooling; then 5 to 15 drops of 0.02 per cent solution of brom- 


TaBLe IV 
Effect of Time of Hydrolysis on Leucine Values of Casein and Egg Albumin 





Per cent of leucine 





Protein Time of hydrolysis 








3 hrs. 8 hrs. 14-16 hrs. 26 hrs. 30-34 hrs. 
| 


Casein, vitamin-free, 





OO Gin BU ASI (9.2+0.1)9.6+0.2)}9.8240.1/8.52+0.1)8.220.1 
No. of hydrolysates... .| 1 1 5 1 1 
Egg albumin (Bg)*.... 8.8+0.1/9.7+0.1 9.6+0.1 8.54 0.2 
No. of hydrolysates... .)| 1 | 1 2 2 


Egg albumin (C), crys- | 
talline, denatured ... 9.9+0.1 
No. of hydrolysates... | | 2 











* Obtained from Dr. Bergmann, Dr. Moore, and Dr. Stein (ef. (6)). 


cresol green are added and the hydrolysate is adjusted to approximately 
pH 4.5 by addition of dilute NaOH. For strongly colored hydrolysates 
pH indicator paper is also used. After neutralization the hydrolysate is 
made up to 25 to 100 cc. and filtered. Aliquots are set up immediately 
for leucine determinations as described in step (1) of the assay procedure 
and the rest of the hydrolysate used for checking the pH. 

In our earlier experiments HCl was removed by repeated evaporation 
in vacuo (cf. Table III), but the neutralization procedure above is simpler 
and usually allows a better adjustment of the final pH. 

A preliminary hydrolysis is carried out and an approximate estimate 
of the leucine content obtained by setting up a series of determinations in 
which the amount of protein is widely varied (cf. Table II). For subse- 
quent assays the amount of protein to be hydrolyzed and the final volume 
of the neutralized hydrolysate are chosen so that there are present between 
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0.1 and 0.2 mg. of leucine per cc. of diluted hydrolysate. About eight to 
twelve individual determinations at two to four levels of leucine (prefer- 
ably between 0.25 and 0.75 mg.) are run with between 1 and 5 cc. of hydrol- 
ysate (cf. Tables II and III). 

Time of Hydrolysis—In Table IV are presented some experiments with 
casein and egg albumin in which the time of hydrolysis was varied from 3 
to 34 hours. It can be seen that after 8 and 14 to 16 hours of hydrolysis 
the values for the leucine content did not differ statistically. However, 
hydrolysis for 3 hours and for 26 to 34 hours gives significantly lower re- 
sults. Hydrolysis for about 13 to 16 hours was therefore adopted as a 
routine procedure. 


Results 


In seven experiments in which known amounts of /(+)-leucine were 
added to casein hydrolysates an average recovery of 101.5 per cent was 
obtained. 

Similar experiments in which d(—)-leucine® (0.24, 0.48, and 0.96 mg.) 
was added showed a uniform utilization of 17 per cent of this sample at all 
three levels. Our observations on the utilization by Neurospora of the 
unnatural isomer of leucine in the presence of /(+-)-leucine agree with those 
of Regnery (10). The inefficiency of such utilization when /(+-)-leucine 
is not present has been described by Regnery in the preceding paper and 
the possible réle of d-amino acid oxidase discussed (10). These findings 
are of interest in connection with observations on the rat. Ratner e? al. 
(25) found that under normal conditions the unnatural isomer was freely 
utilized, whereas Rose (26) found that the utilization of d(—)-leucine was 
insufficient for the growth of young rats when /(+)-leucine was rigidly 
excluded from the diet. 

Experiments with dl-isoleucine showed no utilization of this compound 
by the mutant in the presence of protein hydrolysates. 

The leucine content of gelatin, egg albumin, and horse hemoglobin is 
reported in Table V. It can be seen that the results obtained by the three 
methods, viz. the solubility product method, the isotope dilution method, 
and the Neurospora microbiological method, are in substantial agreement. 
Our value for egg albumin is slightly higher than that obtained by Moore 
and Stein (6). However, we hydrolyzed only for about 15 hours with HCl, 
while the results with the solubility product method are based on hydrol- 
ysis for 30 hours with HCl in the presence of SnCl, (cf. Table IV). 

In Table VI, some preliminary data on the leucine content of skim milk 
powder, dried yeast, and wheat flour are presented. For comparison, we 


* We are indebted for the d(—)-leucine to 8. Ratner and D. Rittenberg; for the 
optical rotation ¢f. (25). This preparation may have contained small amounts of 


1(+)-leucine (cf. (25)). 
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TABLE V 

Comparison of Leucine Content Obtained by Different Methods 
Protein | Hydrolysis Method _ 
» per 
cent 
Gelatin (Bg)*........ | 14-16 hrs., HCl Neurospora 3.6 
eel eepeeey | 1416 “ - ™ 3.6 
Ps) Gees: | 30 hrs., HCl-SnCl, Solubility product | 3.5 
Egg albumin (Bg)* 14-16 hrs., HCl Neurospora 9.6 
‘ce ‘“ (C) ee AS 14-16 “cc “ “e 9.9 
ee “| Ge ..... .....| 80hrs., HCl-SnCl. | Solubility product | 9.1 
Horse hemoglobin{............| 14-16 hrs., HCl Neurospora 15.7 
- rae heat pp cho 5 .| 18 hrs., HCl Isotope dilution§ (15.1 





* We are indebted for these preparations to Dr. Bergmann, Dr. Stein, and Dr. 
Moore (6); for the values obtained by the solubility product method cf. (6). 

t We are indebted for this gelatin, prepared by the late Dr. T. B. Osborne, to Dr. 
H. B. Vickery. 

t We are indebted to Dr. G. L. Foster for the preparation of horse hemoglobin. 

§ This result was obtained by G. L. Foster (private communication) by the isotope 
dilution method (5). 








Tasie VI 
Analysis of Foodstuffs and Related Proteins 
Material Leucine | Tryptophane* Tyrosine* 
Zz TOES TTT Oe x Bie g per cont | per cent per cent . 
Skim milk powder... 3.5 | 0.47 2.06 
NGA PES eae Me a 9.8 1.20 6.10 
8-Lactoglobulinf........... il .iwis.a 15.4 1.94 3.72 
Dried yeast§..... rene conrect alain oat 2.9 0.544 | 1.80 
CS eee ee | 0.8 0.07 0.37 
ST. ons vee0se0eesenenseieeahekenne 6.5 0.66 3.14 


i 











* The values for tryptophane (ultraviolet absorption of tryptophane mercurial) 
and tyrosine were obtained by E. Brand and L. J. Saidel (unpublished experiments) 
(ef. (27)). 

t The values are not corrected for moisture and ash. 251 mg. were hydrolyzed 
with 12 cc. of 6 n HCI for 15 hours at 130-140°. The hydrolysate was adjusted to pH 
4.3 with 18 N and with dilute NaOH, made up to 50 cc., and filtered. 

t The 8-lactoglobulin was obtained from Dr. R. K. Cannan. 

§ The values are not corrected for moisture and ash. 251 mg. were hydrolyzed 
essentially the same way as the skim milk (final volume 50 cc., pH 3.7). 

|| The values are not corrected for moisture and ash. 1.22 gm. were hydrolyzed 
with 10 cc. of 6 N HCl + 1 ec. of concentrated HC! for 23 hours at 130-140°. The 
hydrolysate was adjusted to pH 4.5 with 18 x and with dilute NaOH, made up to 50 
ec., and filtered. 

© Gliadin was obtained from Dr. H. B. Vickery. 
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have included data on the tyrosine and tryptophane content of these mate- 
rials and also the values on proteins present in these materials. The tryp- 
tophane determinations were carried out with a new method, based upon 
the absorption in the ultraviolet (at 254 my) of the tryptophane mer- 
curial (27). 

The question of the possible loss of leucine in the humin remains to be 
studied. However, Kuiken et al. (17) found little loss of leucine in sulfuric 
acid hydrolysates of casein to which large amounts of carbohydrate had 
been added. 


The work reported in this paper was made possible through the kind- 
ness of Dr. George W. Beadle, who put the “Jeucineless’’ strain of Neuro- 
spora at our disposal. 

Part of the work described in this paper was done under a contract, 
recommended by the Committee on Medical Research, between the Office 
of Scientific Research and Development and Columbia University. 


SUMMARY 


A microbiological method for the determination of leucine in protein 
hydrolysates and foodstuffs is described. 

The leucineless strain of Neurospora crassa reported by Regnery in the 
preceding paper was used. 

The reliability of this method has been established by a comparison with 
the methods involving solubility product and isotope dilution. For gelatin 
and egg albumin we find microbiologically a leucine content of 3.6 and 9.6 
per cent respectively, while the results on the identical preparations by the 
solubility product method were 3.5 and 9.1 per cent. For horse hemo- 
globin we find 15.7 per cent of leucine, while 15.1 per cent was obtained on 
the identical preparation by the isotope dilution method. 

The influence of the time of hydrolysis was studied. Maximum results 
are obtained after about 15 hours of hydrolysis. 

The leucine content of crystalline insulin and edestin, the leucine, tryp- 
tophane, and tyrosine contents of casein, 8-lactoglobulin, skim milk powder, 
dried yeast, gliadin, and wheat flour are reported. 
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A MICROMETHOD FOR THE DETERMINATION OF ACETONE 
AND KETONE BODIES 


By LEON A. GREENBERG anp DAVID LESTER 
(From the Laboratory of Applied Physiology, Yale University, New Haven) 


(Received for publication, March 24, 1944) 


The method for the determination of acetone in small amounts of bio- 
logical fluids and air presented here was developed primarily for a study 
of absorption and elimination of acetone under conditions comparable to 
industrial exposure to acetone vapors (1). The method, however, has 
useful clinical application, since it can be adapted for the rapid estimation 
of ketone bodies as well as acetone in small amounts of blood and urine. 

The concentrations of acetone in the air which have been proposed as 
safe for industrial exposure of 8 hours range from 0.5 to 5.0 mg. per liter 
(2-4); the maximum concentrations of acetone developed in the blood are 
of the order of 1.5 to 30.0 mg. per cent. With the method of analysis de- 
scribed in the literature it is impossible, at these levels, to follow with ac- 
curacy from small samples of blood the rise and fall of the concentration in 
the blood during and after exposure. The repeated withdrawal of blood, 
especially in experiments in which small animals are employed, precludes 
the use of amounts larger than can be obtained from skin puncture. 

The most sensitive methods reported in the literature for the determina- 
tion of acetone and ketone bodies, with 0.2 cc. of blood, are the nephelo- 
metric method of Shipley and Long (5) and the iodometric method of 
Weichselbaum and Somogyi (6). ‘The first of these methods is, according 
to the authors, sensitive to 1.0 to 1.5 mg. per cent of ketone bodies with a 
possible error of 15 per cent. Weichselbaum and Somogyi, however, have 
pointed out that at low concentrations it may yield results which are several 
hundred per cent too high and that it is difficult to obtain consistent results. 
The second method is accurate but is sensitive to only 10 mg. per cent of 
ketone bodies and requires 3 to 4 hours for a single determination. Both of 
these methods necessitate distillation of the acetone with possibility of 
some loss. 

The method reported here is rapid, requires no distillation, and is 10 
times more sensitive than previous methods. With 0.2 cc. of blood in the 
determination of acetone, the method responds to 0.1 mg. per cent with an 
error of +0.05 mg. per cent; and in the determination of total ketone 
bodies, to 0.2 to 0.3 mg. per cent expressed as 8-hydroxybutyric acid with 
an error of +0.12 mg. per cent. In the determination of acetone in air 
the absolute sensitivity is 0.1 to 0.2 y with an error of +0.06 7; thus if a 
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sample of 1 liter is used, as in the analysis of room air containing acetone, 
the sensitivity is 0.04 to 0.08 part per million. 

The method reported here is based upon the reaction of acetone with 
2,4-dinitrophenylhydrazine to form the corresponding hydrazone, the 
separation of the hydrazone by extraction with carbon tetrachloride, and 
its colorimetric determination in the carbon tetrachloride. Dakin and 
Dudley (7) first noted that certain hydrazones, owing to their differential 
solubilities, could be fractionated with alcohol and that the hydrazones 
gave intense colors in NaOH solution. These observations have since 
been applied by a number of investigators (8-15) to the determination of 
substances containing a true carbonyl group, particularly pyruvic acid. 
The application to keto acids, in general, and a study of the differential 
solubilities of their hydrazones are given by Friedemann and Haugen (16). 

In the procedures previously described for keto acids the hydrazone is 
extracted from the solvent and its color measured in alkaline solution. 
The solvents were selected on the basis of the ease with which they ex- 
tracted the hydrazone and released it to the alkaline solution. Friedemann 
and Haugen found that carbon tetrachloride was unsuited for the extraction 
of pyruvic acid hydrazone. It has been found here, however, that carbon 
tetrachloride readily extracts acetone hydrazone from acid solution and 
gives up little on reextraction with alkali. Because of these solubility 
characteristics it is possible to eliminate interference from keto acids and 
estimate the yellow acetone hydrazone directly in the carbon tetrachloride. 
This feature is especially advantageous since the color complex formed by 
the acetone hydrazone with alkali is unstable. 

Acetaldehyde 2 ,4-dinitrophenylhydrazone is largely extracted from the 
‘arbon tetrachloride by alkali and the concentration of acetaldehyde oc- 
curring in the blood causes no interference. In the determination of 
acetone in air, as in industrial plants, large amounts of aldehyde or other 
ketones may cause interference. Formaldehyde, however, causes no 
interference because its hydrazone is completely extracted by the alkali. 

In the determination of acetone in air, blood, or urine, and ketone bodies 
in blood or urine, various initial steps are carried out as described in sub- 
sequent sections; the final common step is the reaction of acetone with a 
constant volume of 2,4-dinitrophenylhydrazine solution. The hydrazone 
formed is then extracted with a constant volume of carbon tetrachloride 
which is then extracted with alkali. These extractions and the colori- 
metric determination of the acetone hydrazone are described and discussed 
here as the common feature of all the procedures to be subsequently 
described. 

Reagents— 

1. Acid 2,4-dinitrophenylhydrazine solution; 0.1 per cent 2,4-dinitro- 
phenylhydrazine in 2.0 Nn HCl. 
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2. Carbon tetrachloride, reagent. 

3. Sodium hydroxide solution, 0.5 N. 

2 ec. of acid 2,4-dinitrophenylhydrazine solution are placed in a glass- 
stoppered graduate of 10 cc. capacity; the solution containing the acetone 
to be analyzed is added to give a total volume of 5 cc. Exactly 2 cc. of 
carbon tetrachloride are added. The graduate is stoppered and placed ina 
mechanical shaker for 10 minutes. The supernatant acid solution is then 
drawn off, the graduate is filled twice with distilled water which is also 
drawn off each time, and 3 ce. of 0.56 Nn NaOH solution are added. It is 
again shaken for 3 minutes. The contents of the graduate are then poured 
into a Klett micro colorimeter tube and read against a similar tube con- 
taining carbon tetrachloride, a Klett Filter 42 which transmits light of 
wave-length 420 my being used. From this reading is subtracted that of 
a blank determination in which distilled water is used instead of the solution 
for analysis; this blank results from impurities in the reagents and the re- 
tention of a small amount of hydrazine in the carbon tetrachloride. It 
remains constant for any one preparation of the reagents. 

The amount of acetone hydrazone recovered in the carbon tetrachloride 
is less than the total amount formed from the reaction of acetone with the 
hydrazine. This recovery is influenced by two features: (1) the volumes 
of the fluids involved in the extractions; (2) the strength of the acid and 
alkali solutions used. Both of these features were investigated here in so 
far as they affected the analytical procedures. Purified acetone 2,4- 
dinitrophenylhydrazone was used. 2 cc. of a solution of this hydrazone in 
earbon tetrachloride which gave a reading of 111 divisions on the Klett 
colorimeter were first extracted with 3 cc. of 0.6 Nn NaOH. The color 
density of the carbon tetrachloride did not change; a second and third ex- 
traction with 3 cc. of 0.6 Nn NaOH caused each time a 5 per cent decrease 
in the reading. The explanation offered here for lack of change in the color 
density after the first extraction is that the color of the hydrazone is en- 
hanced by the presence of alkali and that this enhancement compensates 
for the small amount of hydrazone extracted by the alkali. A second 2 ce. 
portion of the hydrazone in carbon tetrachloride solution was extracted with 
5ec. of 1.3 n HCl solution. A reading of 96 divisions was obtained, indi- 
cating a loss of 13.5 per cent of the hydrazone owing to its solubility in the 
acid solution. Finally, a third 2 cc. portion of hydrazone in carbon tetra- 
chloride solution was extracted with 5 cc. of 0.04 per cent 2,4-dinitro- 
phenylhydrazine in 1.3 n HCl, washed with distilled water, and extracted 
with 3 cc. of 0.5N NaOH. After the blank obtained by similar extraction 
of carbon tetrachloride alone was subtracted, a reading of 123 divisions 
was obtained. Thus in spite of the loss of hydrazone due to acid and 
alkaline extraction and over and above the enhancement of color due to the 
presence of alkali there was a further enhancement of the color of the 
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hydrazone due to the presence of hydrazine. Thus, when the extractions 
involved in the analytical procedures described in the present investigation 
are carried out, there is a loss of 13.5 per cent of the hydrazone in the ex- 
traction with 0.04 per cent hydrazine in 1.3 n acid, a loss of 5 per cent in 
the extraction with 0.5 n alkali, a 30 per cent enhancement of the color of 
hydrazone in carbon tetrachloride due to the hydrazine, and, finally, an 
additional 5 per cent enhancement of color due to the presence of alkali. 
Because of the complicated interplay of losses of hydrazone due to extraction 
and enhancement of color in each extraction, it was impractical to stand- 
ardize the analytical method by measuring only the photometric density of 
solutions of known amounts of acetone hydrazone in carbon tetrachloride, 
Repeated determinations showed that, by using constant volumes of fluids 
in the extractions and maintaining constant normalities of the acid and 
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Fig. 1. Relation of acidity to the recovery of acetone hydrazone 


alkali solutions, constant and reproducible readings were obtained from 
known amounts of acetone. Furthermore, various amounts of the hydra- 
zone gave readings which followed Beer’s law. 

The strength of the alkaline solution used in extracting the carbon tetra- 
chloride in the analytical procedures described here was uniformly 0.5N; 
losses at other strengths were not determined quantitatively; it was noted, 
however, that alkali of greater strength extracted more hydrazone. In 
determinations made in air, blood, and urine the strength of acid used in 
the preliminary steps in preparing the hydrazone varied; the influence of 
these variations on recovery was therefore studied. 2 cc. portions of a solu- 
tion of acetone hydrazone in carbon tetrachloride were extracted first with 
acid hydrazine and then with alkali; the acidity of the acid hydrazine solu- 
tion was varied from 0.8 N to 2.5.N. The recoveries obtained are shown in 
Fig. 1 in which the photometric density of the hydrazone expressed as 
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divisions read on the colorimeter is plotted against the normality of the 
acid. The points obtained fall on a straight line of which the slope is ex- 
pressed by the equation, R = 210 — 21N, in which R is the photometric 
density and N is the normality of the acid. Thus with each 1N increase of 
the acid there is a 10 per cent increase of the hydrazone extracted from the 
carbon tetrachloride and the photometric densities at various normalities 
of acid have the following relationship to each other. 


R R, R, 





This relationship holds for all concentrations of hydrazone within the range 
of normalities studied. 


Determination of Acetone in Air 


3 cc. of the 2,4-dinitrophenylhydrazine solution are added to a tube or 
flask in which the air sample is to be collected. The tube is evacuated with 
a water pump and the negative pressure read from a mercury manometer. 
The volume of the sample to be drawn is calculated as V in the equation 


(Vi — S)(P; — P:2)273 
760(273 + 2) 





V= 


in which V;, is the total volume of the air-sampling tube, S the volume of 
the hydrazine solution, P; and P; the prevailing barometric pressure and 
the residual pressure in the tube after evacuation in mm. of mercury. The 
tube is opened in the air of which the concentration of acetone is to be 
determined; after being closed, it is shaken for 1 or 2minutes. The acetone 
admitted to the tube is rapidly taken up by the hydrazine solution and con- 
verted to the hydrazone. 1 or 2 cc. of the solution are transferred to a 10 
cc. glass-stoppered graduate; if only 1 cc. is used, an additional 1 cc. of the 
acid hydrazine is added to maintain the desired volume. 3 cc. of water 
are added to bring it to a volume of 5 cc. The solution in the graduate 
is then treated as described under the general procedure and the color 
density read from the colorimeter. From this value the blank is subtracted 
and from the remainder the acetone is calculated. 

For this calculation it is necessary to standardize the colorimeter for 
known amounts of acetone; this standardization serves for all subsequent 
similar determinations. 3 cc. of an accurately prepared acetone solution 
containing 2 to 4 mg. per liter of distilled water are added to 2 cc. 
of the acid hydrazine solution in a 10 cc. glass-stoppered graduate and 
subjected to the general procedure described. The reading of the colorim- 
eter after the blank is subtracted, is divided into the weight, in mg. of 
acetone in the sample used; the result is taken as factor F, which is mg. of 
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182 DETERMINATION OF ACETONE 
acetone per division as read from the colorimeter. This factor, once de- 
termined, remains constant for the colorimeter. 

To permit accurate reading of the Klett colorimeter, the largest amount 
of hydrazone in the carbon tetrachloride should correspond to no more than 
0.02 mg. of acetone; 7.e., a reading of approximately 300 on the colorim- 
eter. Thus for air containing from 0.1 to 0.5 mg. per liter, the sampling 
tube should have a capacity, exclusive of the 3 ec. of hydrazine solution 
added, of not more than 120 cc. if 1 cc. of this solution is to be used for 
analysis and 60 cc. if 2 ec. are to be used; for higher or lower concentrations, 
the volumes should be proportionately smaller or larger. 


TABLE | 


Recovery of Acetone from Air Containing Known Amounis 


Error 


Acetone added 


mg. per 1000 cc 


Acetone found 


mg. per 1000 cc 


Average 


per cent 


Extremes 


per cent 
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The concentration of acetone as mg. per liter in the air is calculated from 
the equation 


1000(R — B)FD 
V 





Mg. acetone per liter air = 


in which R is the reading, B the blank, F the standardization factor, D the 
volume of hydrazine solution put in the sampling tube divided by the 
volume taken out for analysis, and V the volume of the airsample. Values 
obtained from the analyses of air containing known amounts of acetone are 
shown in Table I. 
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Determination of Acetone in Blood and Urine 


().2 cc. of blood or urine is delivered into 1 cc. of water in a 10 cc. test-tube 
and 3 cc. of 5 per cent trichloroacetic acid are added. The mixture is 
filtered or centrifuged in a stoppered tube and 3 cc. of clear fluid are put in 
a 10 cc. glass-stoppered graduate. 2 cc. of the acid hydrazine solution 
are added and the solution treated as described under the general proce- 
dure. If froth develops during shaking, it can be removed before reading 
by a few minutes of centrifuging in the colorimeter tube. The blank is 
determined by using 0.2 cc. of distilled water instead of blood or urine. The 
standardization for factor F is made by adding 1 cc. of an accurately pre- 
pared acetone solution containing 8 to 16 mg. per liter to 3 cc. of 5 per cent 
trichloroacetic acid, putting 3 cc. of this mixture, containing the known 
amount of acetone, in a 10 cc. glass-stoppered graduate, and proceeding 
as above. The concentration of acetone as mg. per cent in the blood or 
urine is calculated from the equation 


420F(R — B) 


Mg. t 100 cc. = 
g. acetone per cc 06 


Values obtained from the analyses of water, blood, and urine containing 
known amounts of acetone are shown in Table II. The normal blood and 
urine used to make these solutions showed no acetone on preliminary 
analysis. 


Determination of Total Ketone Bodies in Blood and Urine 


All current methods for the determination of ketone bodies in blood and 
urine are based upon the conversion of acetoacetic acid to acetone by acid 
hydrolysis and the oxidation of 8-hydroxybutyric acid to acetone with 
acid dichromate. The acetone is then separated either by distillation or 
by precipitation as a complex mercury salt. In the distillation of small 
amounts of acetone, Shipley and Long (5) were unable to avoid losses. 
These were attributed by them to an unexplained disappearance of acetone 
when boiled in solution in a sealed glass vessel. Although Weichselbaum 
and Somogyi (6) lost no acetone in distillation, they obtained a loss of ace- 
tone in the precipitation with Denigés’ reagent owing to some solubility of 
this precipitate. A careful study was carried out by these authors as to the 
optimum concentrations of sulfuric acid and dichromate for the oxidation 
of 8-hydroxybutyric acid to acetone. In their procedure for the determina- 
tion of ketone bodies, oxidation of the 6-hydroxybutyric acid and distilla- 
tion are carried out simultaneously; they point out, however, that the ideal 
conditions would be those under which the concentrations of acid and di- 
chromate did not change. 

Since it is not necessary to separate acetone in preparation for its reaction 
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with 2,4-dinitrophenylhydrazine, it was possible in the method reported 
here to use a micro refluxing tube in the conversion of the ketone bodies to 
acetone and to avoid distillation. Thus there was no change in the con- 
centration of acid and dichromate. This apparatus, shown in Fig. 2, con- 
sists of a Pyrex glass tube 20 cm. long and 2 cm. in diameter, terminating 
in a standard taper female glass grinding. Around the outside of this 
tube, from approximately 3 cm. above the bottom to just below the glass 
grinding, is a water jacket. Inside the tube is a cold finger 1.5 cm. in 


TaBLeE II 


Recovery of Acetone from Water, Blood, and Urine Containing Known Amounts 





Water Blood Urine 


| | > | | . . 
Acetone Error Acetone Error Acetone Error 
: | 


f Acetone 
added 7 ———| added ve —_ 


Acetone 
> . CoV’ . 
covered | 4 verage|Extremes covered | average| Extreme 


added 











jcovered Average| Extremes 








mig. per mez. er : | mg. pe mz. per . per ™ 


01 
06 | | +2.9 | 
.06 |+0.5 | —1.9 
44 | 
.48 | 
| 0.48 +10.4 
0.53 |+0.5 | —8.3 


| 0.48 | 


9.90 | 9.83 | 9.92 | 9.88 9.01 | 9.07 
| 9.92 | 9.97 | 8.99 
| 9.87 | | +0.7 | 9.88 | 8.99 +0.7 
9.97 | 0.0 | —0.7 9.97 | +0.5 8.94 |—0.1 | —0.8 
4.95 | 5.08 | 9.88 | 0.0 | —0.4 | 5.03 | 4.98 
| 4.89 | 5.01 | 5.04 | 5.02 
| 4.98 | | +1.6 | 4.95 4.93 +0.0 
| 4.94 |+0.2 | —1.2 | 4.98 | +0.6 4.98 |—1.0 | —2.0 
1.98 | 1.98 | 4.95 |—0.6 | —1.2 | 1.17 | 1.15 
| 2.07 | | 1.03 | 1.06 | 1.19 
| 1.98 | +4.5 | 1.01 1.19 +1.7 
| 2.07 |+2.3 | —0.0 | 1.01 1.15 | 0.0} —1.7 
14 
Be 
1 
0 
0 


diameter which extends to 3 cm. above the bottom and whose upper end 
is fused into a tapered male glass grinding so that it fits tightly into the 
opening of the tube. The effluent arm of the outside water jacket is con- 
nected by a rubber tube to the inlet arm of the cold finger so that du:ing 
operation cold water flows through both the jacket and the inner tube. 
This rubber tube is disconnected for removal of the cold finger. 3 ce. of 
fluid placed in this refluxing apparatus with a few glass beads or an ebulli- 
tion tube can be brought quickly to active boiling, which can then be main- 
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tained for any length of time in a completely closed system. Solutions 
containing even very low concentrations of acetone boiled in the apparatus 
for 30 minutes showed no loss. 

The studies of Shaffer and Marriott (17), Van Slyke (18), and Weichsel- 
baum and Somogyi (6) emphasize the effect upon the products of the oxida- 
tion of 8-hydroxybutyric acid caused by change in the concentration of 
dichromate and sulfuric acid. In the development of the present technique, 
the yield of acetone from the oxidation of 8-hydroxybutyrie acid was 
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Fic. 2. Micro refluxing apparatus 


studied with various concentrations of sulfuric acid and dichromate. 3 cc. 
portions of solutions containing known amounts of the Ca-Zn salt of 8-hy- 
droxybutyric acid! were refluxed with various concentrations of acid and 
dichromate in the apparatus described above. The acetone content of the 
mixture was then determined from reaction with 2,4-dinitropheny!l- 
hydrazine as described, but with one additional step necessitated because 
of the presence of dichromate. Dichromate destroys both hydrazone and 


‘Supplied through the courtesy of the Scripps Metabolic Institute, La Jolla, 
California. 
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hydrazine ; therefore a few drops of a solution of sodium sulfite are added to 
the mixture to be analyzed before the addition of the hydrazine solution. 
The resulting chromium sulfate does not interfere with the subsequent 
analysis. Consistent maximum yields of 86 per cent were obtained with 
an acid concentration of 2.6 N in the reaction mixture and a dichromate 
concentration of 0.077 per cent. Both the concentration of acid and di- 
chromate and the yield are in agreement with those of Weichselbaum and 
Somogyi. Known amounts of ethyl acetoacetate were similarly refluxed 
with the same concentrations of sulfuric acid and dichromate. The yield 
of acetone was virtually 100 per cent. Both the oxidation of 8-hydroxy- 
butyric acid and the hydrolysis of ethyl acetoacetate were found to be 
complete in 10 minutes. 

For the preparation of a deproteinized blood filtrate, zinc sulfate and 
barium hydroxide were used as described by Weichselbaum and Somogyi 
(6). These precipitants do not interfere with the reaction of acetone and 
2,4-dinitrophenylhydrazine as does tungstic acid. Trichloroacetic acid 
cannot be used, since it is easily oxidized and utilizes an appreciable amount 
of the dichromate, thus affecting the dichromate concentration. 

Weichselbaum and Somogyi pointed out that sugars and lactic acid, on 
treatment with sulfuric acid and dichromate, yield materials which form 
precipitates with Denigts’ reagent. Neither of these was found to yield 
substances reacting with 2,4-dinitrophenylhydrazine. In a group of 
normal human beings, Weichselbaum and Somogyi found total ketone 
bodies in the blood, expressed as 6-hydroxybutyric acid, ranging from 0.25 
to 0.94 mg. per cent. In the present investigation, refluxing of normal 
blood filtrates with the concentrations of acid and dichromate described 
above gave total ketone values 3 to 5 times as high as these. It was there- 
fore concluded that interfering substances were produced by hydrolysis or 
partial oxidation from materials other than sugar and lactic acid in normal 
blood filtrate. Further investigation showed, however, that these products 
could be more completely oxidized and removed as interfering substances 
after the oxidation of 6-hydroxybutyric acid was completed by an addi- 
tional short period of refluxing with stronger dichromate. This did not 
destroy any of the acetone already formed. Thus the blood filtrate was 
refluxed for 10 minutes with acid and weak dichromate, more dichromate 
added, and the mixture refluxed for an additional 10 minutes. Complete 
analyses with this procedure for the conversion of ketone bodies to acetone 
gave, in normal bloods, total ketone bodies, expressed as 8-hydroxybutyrie 
acid, ranging from 0.36 to 1.20 mg. per cent in seventeen subjects. These 
values are of the same order of magnitude as those found by Weichselbaum 
and Somogyi. Urine may be treated as blood for the determination of 
ketone bodies. 
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The reagents required in addition to those for the general procedure 
are (1) zine sulfate solution, approximately 2.5 per cent zine sulfate 
(ZnSO,-7H,O); (2) barium hydroxide solution, approximately 0.15 Nn. 
This solution must be so adjusted that when 5 cc. of the zinc sulfate solution 
are titrated with it (phenolphthalein as indicator) 5 cc. are required to pro- 
duce a permanent pink color; (3) acid dichromate solution,0.46 per cent po- 
tassium dichromate in 15.6 N H,SO,; (4) 10 per cent potassium dichromate 
solution ; (5) 15 per cent anhydrous sodium sulfite solution. 

0.2 ec. of blood or urine is added to 2.3 ec. of distilled water in a small 
centrifuge tube. The blood is allowed to lake and 1 cc. of barium hydroxide 
solution is added. The contents of the tube are mixed and 1 cc. of zine 
sulfate solution added. The contents of the tube are again mixed and the 
tube stoppered and centrifuged for 2 to 3 minutes. 3 cc. of the super- 
natant fluid are delivered to the bottom of the clean, dry refluxing tube 
(Fig. 1) containing several glass beads or a small ebullition tube; 0.6 cc. 
of acid dichromate solution is added, and the tube tightly stoppered with 
the cold finger. The rubber tube from the water jacket to the cold finger 
is connected and the flow of cold water through the water jacket and cold 
finger started. The contents of the reflux tube are heated by means of a 
micro gas burner and gentle boiling is continued for 10 minutes. At the 
end of this time the burner is removed and when boiling has ceased the cold 
finger is lifted just enough to allow the introduction of 0.5 cc. of 10 per cent 
dichromate solution from a 1 cc. hypodermic syringe. This solution is 
allowed to run down the cold finger. The refluxing tube is then closed 
tightly and boiling continued for an additional 10 minutes. At the end of 
this time the flow of water through the apparatus is discontinued and the 
entire tube is cooled under a water tap. The tube is inverted several times 
so that any material that might have condensed on the upper walls of the 
tube will be washed down. The cold finger is removed and the contents of 
the reflux tube are ready for determination of acetone. 

3 ec. of the fluid in the reflux tube are delivered into a 10 cc. glass-stop- 
pered graduate. 0.4 cc. of sodium sulfite solution is added from a burette 
to destroy the dichromate. From this point the procedure described under 
the general section is followed. 

The blank, B, which must be subtracted from the reading obtained, is 
determined as follows: To 3 cc. of distilled water are added 0.6 cc. ofthe 
acid dichromate solution and 0.5 cc. of the 10 per cent dichromate solution. 
3 cc. of this mixture are then carried through the same procedures as the 
3 cc. portion of filtrate after it has been refluxed. 

In standardization of the readings of the colorimeter for factor F, 0.6 cc. 
of the acid dichromate solution and 0.5 cc. of the 10 per cent dichromate 
solution are added to 3 cc. of a carefully prepared acetone solution con- 
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taining 3 to 5 mg. of acetone per liter. 3 cc. of this mixture, containing 
a known amount of acetone, are then delivered into a 10 cc. graduate and 
treated by the procedure as described above. The concentration of 
acetone derived from the ketone bodies in the blood or urine is obtained from 


the equation 


: 1845F(R — B) 
Mg. acetone per 100 cc. blood or urine = Tu am 


This concentration of acetone does not represent the true concentration of 
ketone bodies, since only 86 per cent of the hydroxybutyric acid is oxidized 
to acetone; an exact estimation can be made only if the proportion of 8- 
hydroxybutyric acid present is known. It has been shown by Weichsel- 


Taste III 


Recovery of 8-Hydrozybutyric Acid from Water, Blood, and Urine Added in Known 
‘ Amounts 


Water Blood Urine 


Acid | Acid mute Acid | Acid anes Acid | Acid meset 
added | found —————<—«| added | found |— ————-———- | added | found 
Average Extremes Average Extremes 


Average! Extremes 


mg. per | mg. per mg. per| m r m rimg. per 
"60 « "66 ne per cent | per cent oy 100 Dy per cent) per cent "0 pet io oer per cent | per cent 


2.79 | 2.84 0 2.12 0 2.96 
2.60 +1.8 | 2.45 | 4.48 2.45 | 5.32 

2.72 |—-2.5 | —6.8 . 4.48 +6.1 5.44 +6.1 

8.66 | 8.63 4.72 |-—0.4 | —3.7 5.56 |+1.2 | —3.7 
8.51 +1.0 | 9.80 (11.82 9.80 |12.76 

8.75 |-—0.3 | —1.7 12.05 +1.3 12.66 0.0 

11.94 |+0.2 | —1.0 12.66 |—0.7 | —1.0 


baum and Somogyi (6) that normally the ketone bodies, 8-hydroxybutyric 
acid and acetoacetic acid plus acetone, are present in the equivalent parts 
of approximately 2:1. On the basis of this distribution a recovery of 91 
per cent can be used for calculation and the value obtained in the last 
equation is divided by 0.91. The results may be expressed as equivalent 
amounts of acetoacetic acid or 6-hydroxybutyric acid. Recoveries of 
known amounts of 6-hydroxybutyric acid added to water, blood, and urine 
are shown in Table III. 

The determination of 8-hydroxybutyric acid alone may be made by 
eliminating acetone and acetoacetic acid from the blood or urine filtrate 
preliminary to the oxidation of the 8-hydroxybutyric acid. 0.2 ce. of 
blood or urine is deproteinized as described above for the determination of 
total ketones; the filtrate is poured into a small Pyrex test-tube with a few 
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glass beads or an ebullition tube and 1 drop of concentrated sulfuric acid 
is added. The tube and contents are weighed and are then boiled for 5 
minutes. In this length of time the acetoacetic acid is completely hy- 
drolyzed and all of the acetone is boiled off. The tube is then cooled and 
its original weight restored by the careful addition of distilled water. 3 ce. 
of this fluid are then treated in the same way as 3 ce. of the original filtrate 
for the determination of total ketone bodies. The same blank and factor, 
F, are used as in the determination of total ketone bodies. The concen- 
tration of 8-hydroxybutyriec acid, expressed as acetone, is obtained from 
the equation given above, by dividing by 0.86 instead of 0.91. To express 
the result as 8-hydroxybutyric acid the value obtained is multiplied by 1.79. 
The value of 0.86 is used instead of 0.91 in the above equation because 
the only ketone body present in this analysis is 6-hydroxybutyric acid 
which yields only 86 per cent acetone in oxidation. From separate de- 
terminations of total ketone bodies and 8-hydroxybutyric acid the acetone 
plus acetoacetic acid may be calculated by difference. From a third 
determination of the acetone alone a value for each of the three components 
of the ketone bodies may be obtained. 


SUMMARY 


A rapid, sensitive and accurate method for determining acetone in air 
and biological fluids is described. The method is based upon the reaction of 
acetone with 2,4-dinitrophenylhydrazine to form the corresponding hy- 
drazone, the separation of the hydrazone by extraction with carbon tetra- 
chloride, and its colorimetric determination in this fluid. The method, 
with modifications described, affords rapid and accurate determination of 
the total and of individual ketone bodies. 
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The isolation of pure peptides from the products of the partial hydrolysis 
of a protein involves the fractionation of relatively complex mixtures of 
peptides and amino acids. The salts of peptides with aromatic sulfonic 
acids crystallize well, are frequently less soluble than are the corresponding 
free peptides, and exhibit, in some cases, wide differences in solubility. The 
use of arylsulfonic acids for the isolation and determination of peptides 
has, therefore, been suggested (1). The present communication concerns 
the application of arylsulfonic acids as reagents for the isolation of dipep- 
tides from a hydrolysate of silk fibroin. 

Before such an isolation was attempted, the approximate solubilities of 
the arylsulfonates of several peptides were determined. The results are 
presented in Table I. The peptides selected include some of those which 
may be expected to result from the partial hydrolysis of silk fibroin. In 
addition four peptides containing leucine or phenylalanine have been in- 
cluded because the solubility of their arylsulfonates may become of interest 
in future studies of proteins other than fibroin. Glycine, alanine, tyrosine, 
and serine are appended since these four amino acids may be formed during 
the partial hydrolysis of fibroin. 

It is of interest that glycyl-l-leucine and glycy]l-!-phenylalanine resemble 
leucine and phenylalanine in that they both form sparingly soluble salts 
with all the sulfonic acids tested. The salts of l-leucylglycine and /-leucyl- 
glycylglycine, on the other hand, are much more soluble. 

Before the information given in Table I was used for the isolation of di- 
peptides from a fibroin hydrolysate, the course of the hydrolysis of fibroin 
by acid was investigated in order to establish conditions under which 
maximal quantities of dipeptides are formed. For this purpose the hy- 
drolysis of fibroin was followed by both the nitrous acid and ninhydrin 
methods of Van Slyke. This experimental approach has been illustrated 
by Van Slyke, Dillon, MacFadyen, and Hamilton for the differentiation of 
peptides and free amino acids in tryptic digests of casein (3). In the special 
ease of the acid hydrolysis of silk fibroin, it is possible to calculate not only 
the quantity of peptides present at any given time, but also the average 
peptide chain length. It is essential to this calculation that the amounts of 
NH2-N and COOH-N obtained after complete hydrolysis of fibroin are 
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each equivalent to about 96 per cent of the total N of the protem. ‘This 
result is consistent with the fact that proline, hydroxyproline, lysine, and 
aspartic acid either do not occur in silk fibroin, or are present only in very 
small amounts. The 4 per cent of non-NH,-N in the hydrolysate is ac- 
counted for by arginine and ammonia. 

Data on the course of the hydrolysis of fibroin by concentrated hydro- 
chlorie acid at 40° are given in Table I]. The NH.-N figure (Column 3 


TABLE | 
Approximate Solubility Products of Arylsulfonates of Several Peptides and 
Amino Acids 
The solubilities were determined at 0° in the manner already described (2). 
Where no value is given, the solubility product of the salt in question was found to be 
greater than about 4 X 10-*. The values listed are X 10~. 


Sulfonic acid 
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provides a measure of the free amino groups present in peptides and amino 
acids. The amount of COOH-N (Column 4) is a measure of the amino acids 
present, since peptides do not evolve CO, with ninhydrin. Subtraction of 
the amino acid value (Column 4) from the total NH2-N gives the amount 
of peptide NH.-N (Column 5). The nitrogen present in peptides (Column 
6) is equal to 96 per cent of the total N of the hydrolysate (Column 2) 
minus the COOH-N (Column 4). Thus at a given time during the hy- 
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drolysis the average peptide chain length (Column 7), in terms of amino 
acid residues, is equal to the nitrogen present in peptides (Column 6) divided 
by the NH:2-N (Column 5) of the peptides. 

It will be noted that in the course of the hydrolysis the longer peptide 
chains are rapidly degraded during the first 3 hours to an average length 
of about 6 amino acid residues. Between 40 and 48 hours the chain length 
levels off at the dipeptide stage. Even at 96 hours the value in Column 7 
has not decreased below 2. This fact supports the validity of the deter- 
minations employed in the calculation of the values in Column 7. In this 
connection it may be pointed out again that the values in Column 7 repre- 
sent the average chain length of the peptides only, and not the average 
chain length of the sum of the peptides and amino acids. 


TaBLe II 


Hydrolysis of Silk Fibroin by Concentrated HCl at 40°, Measured by Nitrous 
Acid and Ninhydrin Methods 











hadreiveis | bydvotywre | NHeN COOH-N peas | Nitrogen in ve RHE 

(1 2) (3 (4) (5) 6) | (7) 
hrs. mM mM mM mM | mM | 

0.5 2.17 0.07 | 0.004 0.07 | 2.08 | 2.7 
1.5 2.42 0.26 0.020 0.24 2.30 9.6 
3.0 2.48 0.47 0.063 0.41 2.32 5.7 
6.0 2.52 0.69 0.109 0.58 2.31 4.0 
10.0 2.47 0.92 0.187 0.73 2.18 3.0 
17.2 2.47 1.17 0.278 0.89 2.09 | 2.3 
24.0 2.47 1.26 0.408 0.85 1.96 | 2.3 
33.0 2.47 1.37 0.507 0.86 1.86 2.2 
42.7 2.47 | 1.50 0.666 0.83 1.70 2.05 
48.0 2.47 1.48 0.641 0.84 1.73 2.06 
96.0 2.47 1.71 1.005 0.70 1.36 1.95 


The percentage of free amino acid molecules present in the hydrolysate 
at a given time is illustrated graphically in Fig. 1. This percentage is 
calculated according to the expression (mm CO,/(0.96 X mm total N)) X 100. 

The amino nitrogen values have been calculated as per cent of complete 
hydrolysis. As will be noted from Fig. 1, the rate of amino nitrogen pro- 
duction is rapid during the initial hours and tapers off as the peptide chain 
length approaches 2. The production of free amino acids, however, con- 
tinues at a slow, steady rate. 

After 40 hours of hydrolysis the fibroin hydrolysate contains approxi- 
mately 25 per cent free amino acids and 75 per cent peptides. As. will be 
seen from Table II, these peptides are almost exclusively dipeptides. The 
hydrolysate obtained after 40 hours was, therefore, regarded as optimally 
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suited to the isolation of dipeptides, and was used for this purpose in the 
experiments to be described later. 

The validity of the foregoing calculations depends upon the applicability 
of both the nitrous acid and ninhydrin methods to this problem. There is 
no evidence to indicate that the ninhydrin method yields erroneous results 
when applied to fibroin hydrolysates. It is known, however, that glycyl 
dipeptides give high amino nitrogen values even in the presence of potas- 
sium iodide. Thus, Kendrick and Hanke (4) obtained 120 per cent of 
theory for glycylglycine (in the presence of KI) and we find that glycyl- 
alanine gives 108 per cent under the same conditions. Alanylglycine, on 





= 
x" 


20 











AON Sa be a 


f — | 
0 8 16 24 32 40 48 96 
Time (hours) 


owe | 4 





Fic. 1. Rate of hydrolysis of silk fibroin at 40° (2 ce. of concentrated HCI per gm. 


of fibroin). 


the other hand, reacts normally. Calculation of the maximum amount of 
glycyl dipeptides which could be expected in the 40 hour hydrolysate indi- 
cates that a possible error of 2 to 4 per cent in the value for the amino nitro- 
gen may be involved. This would correspond to an error of 0.2 to 0.3 in 
the average peptide length, which for the present investigation would not 
significantly alter the conclusions. 

The fact should be mentioned here that several workers (for references 
see (5)) have reported the isolation of diketopiperazines after hydrolysis of 
fibroin under conditions practically identical with those used in this in- 
vestigation. However, the isolation procedures employed by these workers 








| 
| 


> ne ido 


a ast see 2 


=F) - oe: ae ae | 


th 
pr 


n. 


of 
O- 
in 


ot 


es 
of 


Ts 








W. H. STEIN, 8. MOORE, AND M. BERGMANN 195 


were such that diketopiperazines might have been formed as artifacts. 
The data in Table II and Fig. 1 clearly indicate that after silk fibroin has 
been hydrolyzed under the conditions used in these studies, for 30 hours 
or longer, the hydrolysate cannot contain appreciable amounts of diketo- 
piperazines. If present, they would increase the non-NH:-N to such an 
extent that the average peptide chain length could not approach the value of 
2 as closely as it does. 

The isolation of dipeptides from partial hydrolysates of fibroin is facili- 
tated by the fact that giycine and alanine residues comprise the major 
part of the protein. Thus, dipeptides containing these two amino acids 
should predominate in the partial hydrolysate. In fact, earlier investiga- 
tors have already isolated l-alanylglycine (6) and 8-naphthalenesulfonyl- 
glycyl-l-alanine (7). The isolation of the free dipeptide, glycyl-l-alanine, 
has not been previously reported. Abderhalden has also obtained glycyl- 
tyrosine (8), and claimed the isolation of diketopiperazines containing 
serine (9). 

The results of the preliminary investigations described in the foregoing 
paragraphs permitted the formulation of a simple working procedure for 
the selective precipitation of sulfonates of the two isomeric dipeptides 
containing glycine and l-alanine. Glycyl-l-alanine was first precipitated 
as the salt of 2,5-dibromobenzenesulfonic acid, and subsequently /-alanyl- 
glycine was precipitated as the salt of 2,6-diiodophenol-4-sulfonic acid. 
The yield of each of these dipeptides was 6 gm. per 100 gm. of fibroin. 

Amino Acid Composition of Fibroin—In an earlier publication from this 
laboratory (10) it was stated that glycine was one-half, alanine one-fourth, 
and tyrosine one-sixteenth of all the amino acids in silk fibroin. The 
average residue weight of all the amino acid residues in silk fibroin was 
assumed to be 84. Synge (5) and Chibnall (11) have pointed out that the 
average residue weight of 84 is far too high and, consequently, that the 
frequencies given by Bergmann and Niemann for glycine, alanine, and tyro- 
sine must be in error. There can be little doubt that these criticisms 
of Synge and of Chibnall are valid, and that the average residue weight of 
the amino acid residues in silk fibroin is about 75 to 76. We had quite 
independently come to the same conclusions as the above mentioned in- 
vestigators, and accordingly had instituted a reexamination of the amino 
acid content of silk fibroin. Since there seems little likelihood at present 
of concluding these investigations, it appears worth while to place on 
record our preliminary results in order to correct some of the earlier data of 
Bergmann and Niemann. 

It seems probable that the value given by Bergmann and Niemann for 
the alanine content of fibroin is far too low, and the tyrosine value is ap- 
preciably too high. 
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Several lines of evidence point to the probability that silk fibroin con- 
tains between 30 and 35 per cent alanine. In the first place, preliminary 
analyses by the solubility product method indicated an alanine content in 
this range. These analyses were performed at a time when the solubility 
method had not reached its present stage of development (12), and with 
a reagent (sodium dioxpyridate) (13) not well suited to this purpose. 
Nevertheless, the results, though only approximate, were entirely incom- 
patible with the value of 26 per cent given by Bergmann and Niemann. In 
the second place, pure /-alanine has been isolated from hydrolysates of silk 
fibroin in a yield of 24 per cent (2). If the value of Bergmann and Niemann 
is correct, this would represent a recovery of over 92 per cent of all the 
alanine in the hydrolysate. In view of the nature of the isolation pro- 
cedure, so high a yield seems virtually impossible. It is very probable, 
therefore, that there is appreciably more than 26 per cent alanine in fibroin. 

One further consideration also points to the presence of more than 26 
per cent alanine in fibroin. If the value for alanine was 26 per cent, then 
about 85 per cent of the nitrogen of the protein could be accounted for at 
present, leaving about 15 per cent of the nitrogen unaccounted for.' The 
very low average residue weight of the amino acids in silk, coupled with the 
substantial tyrosine content (about 12 per cent), requires that part, at 
least, of this unknown nitrogen be contributed by amino acids of low molee- 
ular weight (glycine, alanine, or serine). Glycine cannot comprise any of 
this unknown fraction, since the glycine content of 44 per cent is well es- 
tablished (12). Serine also can be ruled out as a major constituent of this 
unknown fraction, since the present serine value, though perhaps not 
definitely settled, cannot be far in error. By process of elimination, there- 
fore, it appears probable that a substantial part of the nitrogen of silk 
fibroin as yet unaccounted for will prove to be alanine nitrogen. 

Each of the three independent lines of evidence discussed above, no one 
of which is decisive of itself, points to the same conclusion; namely, that 
there probably is considerably more than 26 per cent of alanine in silk 
fibroin. 

Preliminary analyses for l-tyrosine in which the original procedure of 
the solubility method (15) was employed gave a value of 11.9 per cent.’ 
Flavianic acid was employed as reagent. Although this value has not 


1 Synge (5) states that 90 per cent of the nitrogen of silk is accounted for. In 
making this calculation, Synge assumes that fibroin contains 18.5 per cent nitrogen, 
and employs the value obtained by him, 17.4 per cent, for serine. The fibroin ana- 
lyzed by us, however, contained 19.0 per cent nitrogen. Moreover, Nicolet and Shinn 
(14) reported several values for the serine content of fibroin, all of which were lower 
than the one reported by Synge. 

2 In the determination of /-tyrosine by the solubility method, d-tyrosine, or dl- 
tyrosine, if present, would not be determined. 
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been checked sufficiently to certify its accuracy, we feel that it is more ac- 
curate than the value of 13.3 per cent reported by Bergmann and Niemann. 
The figure 11.9 per cent is also in agreement with the value 12.1 per cent 
reported by Rutherford, Patterson, and Harris (16), although it is higher 
than the value of 10.8 per cent reported by Meyer et al. (17). 


EXPERIMENTAL 


Partial Hydrolysis of Silk Fibroin—Japanese white silk, degummed in 
this laboratory with papain-H,8, was employed in this investigation. The 
silk fibroin contained 6.2 per cent water (determined by drying over P.O; at 
100° in vacuo for 24 hours), 0.08 per cent ash as sulfate, and 19.0 per cent 
nitrogen (ash- and moisture-free). To each of a series of 0.200 gm. samples 
of this material in 10 cc. volumetric flasks, 0.40 cc. of concentrated HC] 
was added, and the flasks were maintained at 40°. After varying time 
intervals, the hydrolysis was stopped by the addition of 5 ec. of cold water 
and sufficient 4 Nn NaOH to render the medium alkaline to Congo red and 
acid to litmus. Each sample was diluted to 10 cc., the slight precipitate 
which formed was centrifuged off, and the clear solution stored at 0° with 
thymol. Aliquots were removed for determination of total N, NH,-N, 
and COOH-N. The results are summarized in Table IJ. The NH2-N 
determinations were performed with the addition of 2 per cent KI to the 
acetic acid (4) in all cases. The COOH-N determinations were performed 
on 2 cc. aliquots of the hydrolysate to which 100 mg. of citrate buffer and 
150 mg. of ninhydrin were added, according to the procedure of Van Slyke, 
Dillon, MacFadyen, and Hamilton (3). 

Solubilities of Peptide Salts of Aromatic Sulfonic Acids—The approximate 
solubility products of the peptide salts listed in Table I were obtained in 
the same manner as were the approximate solubility products of the amino 
acid arvisulfonates (2). The peptides used in this investigation were all 
prepared according to directions to be found in the literature,* with the 
exception of l-alanyl-l-alanine. The preparation of this compound, by 
the carbobenzoxy method, is described below. 

Synthesis of l-Alanyl-l-alanine. Carbobenzoxy-l-alanyl-l-alanine Ethyl 
Ester—Carbobenzoxy-l-alanine, prepared as described by Bergmann and 
Zervas (19), was converted to the acyl chloride according to the procedure 
outlined by Hunt and du Vigneaud (20). A dry chloroform solution of 
carbobenzoxy-l-alanyl chloride prepared from 3.3 gm. of carbobenzoxy-l- 
alanine was mixed at about —50° with one-half of a chloroform solution 


* In repeating the synthesis of l-alanylglycine by the carbobenzoxy procedure, it 
was found that carbobenzoxy-l-alanylglycine, when recrystallized from either water 
(preferable) or ethyl acetate, had a melting point of 132-133° instead of 103-104° 
as reported previously (18). 
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of l-alanine ethyl ester prepared from 1.5 gm. of l-alanine. An aqueous 
solution of 1.48 gm. of KHCO,; was added with shaking, followed by the 
second half of the ester solution. The mixture was kept at —10° for 10 
minutes and at room temperature for 1 hour. The chloroform solution 
was extracted with dilute HCl, bicarbonate, and water, dried over Na-SQ,, 
and concentrated under reduced pressure. For crystallization the residue 
was dissolved in ethyl acetate and petroleum ether was added. Yield, 
2.9 gm.; m.p., 114-115°. For analysis the product was recrystallized from 
ethyl acetate and petroleum ether; m.p., 116°. 


CrsH220;N 2. Calculated. C 59.6, H 6.8, N 8.7 
322 Found. ** 60.4, ** 6.7, “ 8.7 


Carbobenzoxy-l-alanyl-l-alanine—A solution of 2.0 gm. of the ethyl ester 
in 10 ce. of acetone and 7.0 cc. of N NaOH was allowed to stand at room 
temperature for 40 minutes. After the addition of 7.6 cc. of Nn HCl the 
product crystallized readily during the removal of the acetone under re- 
duced pressure. Yield, 1.7 gm.; m.p., 152-153°. For analysis the sub- 
stance was recrystallized from water. 


C;4H,s05N 2. Calculated. , 57.1, H 6.1, N 9.5 
294 Found. ** 67.0, ** 6.2, ‘* 9.6 


l-Alanyl-l-alanine—The carbobenzoxy compound was dissolved in meth- 
anol, hydrogenated with palladium as the catalyst, and the free dipeptide 
isolated in the usual manner. After one recrystallization from water 
and alcohol the compound had the rotation of [a]*4 = —21.7°. Fischer 
(21) reported [a]? = —21.6° for l-alanyl-l-alanine. 

Tsolation of Glycyl-l-alanine and |-Alanylglycine—Technically degummed 
Japanese white silk (533 gm.) was incubated at 40° for 44 hours with 1060 
ee. of concentrated HCl. The bulk of the HCl was removed by adding a 
solution of 2.2 kilos of lead acetate trihydrate (analytical reagent) and the 
volume of the filtrate and washings was recorded. The lead remaining in 
the solution was precipitated as sulfide. The approximate amount of HCl 
remaining in the solution was calculated from the solubility of lead chloride 
in the volume of solution used, and enough concentrated HCl was added 
so that the solution contained about equimolar amounts of NH-N and 
HCl. The hydrolysate was concentrated to about 2 liters and stored at 
0°. The solution contained 44.5 mg. of nitrogen per cc., corresponding to 
234 mg. of protein per cc. 

To 250 cc. of this hydrolysate 80 gm. of 2,5-dibromobenzenesulfonic 
acid were added and the solution was stored at 0° for 4 days. The precipi- 
tate which formed was filtered off, washed with a little water, and dried. 
Yield, 22 gm. The filtrate, Solution A, was saved for the isolation of I- 
alanylglycine. This glycyl-l-alanine dibromobenzenesulfonate was con- 
taminated with one or more impurities which were difficult to remove. 
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One or two recrystallizations of the salt did not accomplish sufficient puri- 
fication, for the dipeptide obtained by decomposition of the recrystallized 
salt exhibited a low rotation of [a]?’ = —42.6° (10 per cent in water). 
Nor could the impurity be removed by recrystallization of the free di- 
peptide. Pure glycyl-l-alanine was obtained, however, by purification 
through the use of a second sulfonic acid, which gives a sparingly soluble 
salt with the peptide. For this purpose, 2 ,6-diiodophenol-4-sulfonic acid 
may be used, since separation from alanylglycine has already been accom- 
plished. To 22 gm. of the impure dibromobenzenesulfonate dissolved in 
75 ec. of hot water, a hot solution of 13.8 gm. of barium acetate mono- 
hydrate in 25 ce. of water was added. The mixture was cooled to 0°, and 
the barium dibromobenzenesulfonate was filtered off and washed with 
water. To the filtrate and washings, 4.5 cc. of concentrated H.SO,were 
added, the BaSO, removed by filtration, and 25 gm. of 2, 6-diiodophenol-4- 
sulfonic acid were added. ‘The solution was stored at 0° overnight, where- 
upon glycyl-l-alanine 2,6-diiodophenol-4-sulfonate crystallized in large 
prisms. The salt was filtered off, washed with water, and dried. Yield, 
13 gm. An additional 4 gm. were obtained by concentrating the mother 
liquor to 40 cc. The salt thus obtained (17 gm.) was recrystallized twice 
from water. The yield was 12.6 gm., corresponding to 3.2 gm. of glycyl-l- 
alanine or 5.5 per cent of the silk employed. 
C.H,O,S8I.-CsHioO3Ne. Calculated. C 23.1, H 2.5, N 4.9 
572 Found. "Re, “ae oe 


Free glycyl-l-alanine was obtained from the salt in the following manner. 
To 11.4 gm. of salt dissolved in hot water, a hot solution of 5.5 gm. of 
barium acetate monohydrate was added. The mixture was cooled, the 
barium 2,6-diiodophenol-4-sulfonate filtered off and washed with water, 
and the barium removed from the filtrate and washings with exactly the 
required quantity of sulfuric acid. The solution was concentrated to dry- 
ness under reduced pressure, the residue was taken up in water, and alcohol 
added to induce crystallization. ‘A yield of 2.4 gm. of glycyl-l-alanine was 
obtained, corresponding to 83 per cent of the theory, calculated on the basis 
of the salt employed. The material was recrystallized once from water- 
alcohol for analysis. 

CsHioO3;N2. Caleulated. C 41.1, H 6.85, N 19.2 


146 Found. “ 41.25, “68, “ 19.1 
lal5 = —48.6° (10% in water) 


Fischer and Schulze (22) reported [a]? = —50.0° for synthetic glycyl-l- 
alanine. 

To the filtrate, Solution A, from which glycyl-l-alanine dibromobenzene- 
sulfonate had been removed, 100 gm. of 2,6-diiodophenol-4-sulfonic acid 
were added. After standing several days at 0°, the precipitated salt was 
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filtered off and recrystallized once from 35 ce. of water. The yield of lL 
alanylglycine 2,6-diiodophenolsulfonate was 14.6 gm., corresponding to 
3.5 gm. of l-alanylglycine or 6 per cent of the silk employed. 

C,H,0,SI.-C;sHic0;N 2-2H.0. Calculated. C 21.7, H 3.0, N 4.6 

608 Found. ~~ Oy, BS." 426 

The salt was decomposed with barium acetate and the free dipeptide ob- 
tained in the manner already described for the preparation of glycyl-l- 
alanine. The yield of pure dipeptide was 92 per cent of the theory caleu- 
lated on the basis of the salt employed. 
CyHwO;N 2. Calculated. C 41.1, H 6.85, N 19.2 


146 Found. ia ae!) Soe 
la] = +50.0° (4% in water) 


Fischer (23) reported fa]® = +50.3° for l-alanylglycine. 


SUMMARY 

1. The solubility of a series of peptide salts of aromatic sulfonic acids 

has been investigated as an illustration of the applicability of these reagents 
to the isolation of peptides. 

2. The course of hydrolysis of silk fibrcin by concentrated HCl at 40° 

has been followed by both the Van Slyke nitrous acid and ninhydrin meth- 

ods, permitting calculation of the average peptide chain length at any given 


time. 


3. From a partial hydrolysate containing dipeptides, glycyl-l-alanine 
and /-alanylglycine have been isolated by the successive use of 2 ,5-dibromo- | 


benzenesulfonic acid and 2,6-diiodophenol-4-sulfonic acid. 
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Slightly depressed growth and fatty livers were observed in animals fed 
moderate amounts of nicotinamide, while larger quantities completely in- 
hibited growth (1,2). The fatty livers were found to be susceptible to the 
action of choline, while only methionine was found to alleviate the growth 
inhibition. These phenomena were ascribed to the forced synthesis of 
trigonelline from nicotinamide with consequent diminution of the “labile 
methyl” supply, or, more specifically, the supply of methionine. It has since 
been demonstrated (3) that the methylated excretory product resulting 
from nicotinamide feeding is not trigonelline but N'-methylnicotinamide 
(F,). However, it was not determined whether the effects of nicotinamide 
feeding were due solely to the diminution in the “labile methyl” supply or to 
toxicity of the excess, unmethylated nicotinamide. 

In the present work it has been found that the ingestion of large quanti- 
ties of nicotinamide by young rabbits and guinea pigs does not impair their 
growth. Since neither of these species excreted extra N'-methylnicotin- 
amide after nicotinamide feeding, it is concluded that the toxic effects of 
nicotinamide in the rat are due entirely to the synthesis of N'-methylnico- 
tinamide and consequent depletion of available methionine. 


EXPERIMENTAL 


Rabbits—Two diets were employed in this series. Diet A was a com- 
mercial rabbit chow in pellet form! used as a stock feed for our colony. 
Nicotinamide was incorporated therein by spraying a shallow layer of 
pellets with the proper volume of a 10 per cent solution and then drying 
in a current of warm air. Diet B was a mixture of oats, rye, alfalfa, grass, 
and other dry vegetable matter and nicotinamide was added to this ration 
in the same manner. All animals were housed in individual cages and 
were offered hay ad libitum every 5th day. Weanling rabbits, average 
weight 1250 gm., were used and after 20 days the animals were sacrificed 
by decapitation and samples of liver taken for fat analysis. Urinary N’- 
methylnicotinamide excretion was determined by the method of Huff and 
Perlzweig (4) on the pooled urines of three rabbits collected for 48 hours 


1 Purina chow, Ralston Purina Company, St. Louis, Missouri. 
203 











204 EFFECT OF NICOTINAMIDE FEEDING 


on the 15th and 16th days of the experiments. These measurements were 
very kindly performed by Mr. Jesse W. Huff of the Biochemistry Depart- 
ment. The results are summarized in Table I. It will be seen that the 
presence of nicotinamide in either diet had no significant effect on the 
animals’ growth, liver fat content, or urinary N'-methylnicotinamide 
excretion. 

As controls, young rats were also fed Diet A. These results are also 
presented in Table I. They agree completely with the observations pre- 
viously obtained with synthetic diets (1). No data are presented for the 
N'-methylnicotinamide excretion of rats, as this has already been done in 
detail (1). For comparison with the results obtained herein with rabbits 
and guinea pigs it may be stated that under comparable circumsiances the 


TABLE [| 
Effect of Nicotinamide Feeding on Rabbits 





— ‘ 
Liver fatty 











Boal Test animal Supplement to basal diet Weight change extés | Fe excretion 
| | gm. per day per cent y per day 
| Rabbits | None | 28.3 45 | 740 
a | “ | 1% nicotinamide | 22.1 4.3 790 
es a | 2% ec | 209 | 3.9 600 
‘ Rats | None 2.9 5.2 P 
| : | 1% nicotinamide 2 11.4 ° 
2 2% *e —0.6 3.1 ° 
B | Rabbits None 21.0 3.5 1030 
ely ” 1% nicotinamide 17.3 3.9 970 
Ait « 2% i 22.5 3.6 1120 


| 





* Complete data have already been published (1). 


presence of 2 per cent nicotinamide in rat diets produced an 80-fold increase 
in N'-methylnicotinamide (thought to be trigonelline at the time) excretion. 

Guinea Pigs—The basal diet used in this series was patterned after that 
of Woolley (5). The composition of Basal Diet 1 was as follows: casein 
20, sucrose 45, cod liver oil 5, cottonseed oil 10, salt mixture (6) 5, and 
linseed meal 15. The linseed meal was extracted three times at room tem- 
perature with a 75:25 mixture of ether and alcohol to remove some of the 
choline, since seed meals have been reported to be a rich source of this sub- 
stance (7). Each kilo of diet also contained thiamine 3 mg., riboflavin 5 
mg., pyridoxine 3 mg., nicotinic acid 10 mg., pantothenic acid 25 mg., and 
ascorbic acid 100 mg. Basal Diet 2 was similar to this but contained in 
addition, 0.15 per cent of choline and of inositol. The animals were offered 
the experimental diets ad libitum 7 days after birth. Their average weight 
at the start of the experiment was 124gm. N'-Methylnicotinamide values 


























P. HANDLER 205 


were calculated from determinations performed on the pooled urine of three 
guinea pigs collected for 48 hours on the 16th and 17th days of the experi- 
ment. The results are summarized in Table II. All the animals ate 
sparingly for the first 5 days on the experimental diets. Accordingly, the 
figures presented in Table II were determined for a period of 3 weeks follow- 
ing the 5 days of relative anorexia. 

Again the presence of nicotinamide appeared to exert no toxic effect. 
No significant disparities in growth, liver fat content, or N'-methyl- 
nicotinamide excretion were noted. 


Tase II 
Effects of N icotinamide Feeding o on t Guinea Pigs 
— 














Diet | Weight Siete | Liver fatty ] F: excretion 
wn sais shinee al 
| gm. per day per cent | y per day 
Basal Diet 1................... oe va” pee! gages pec 
“ & 441% nicotinamide 1.3 4.4 | 125 
7” Gi .SAs MAC re | 1.8 3.6 155 
-y ‘* 2+ 0.5% nicotinamide reyety FP 1.4 4.1 
* * 2+10% - ay Se 2.2 4.0 185 
" “« 2+ 20% pen cape yt tee / 1.5 3.7 





DISCUSSION 


It is apparent from these data that large amounts of nicotinamide in the 
diet of rabbits and guinea pigs are innocuous. Unlike the rat, these species 
do not synthesize and excrete extra N'-methylnicotinamide under these 
conditions. Since the effects of nicotinamide on the rat are completely 
alleviated by the administration of methionine, and since nicotinamide is 
not toxic in the diet of the rabbit or guinea pig, it seems likely that the 
toxicity of this compound in the diet of the rat is due solely to the synthesis 
of N'-methylnicotinamide with consequent depletion of the available 
methionine supply. This situation, then, affords an example of a process 
in which an essentially innocuous substance undergoes what has been con- 
sidered a ‘‘detoxication” reaction and thereby produces deficiency of a 
necessary dietary component. 

By elucidating the mechanism of nicotinamide toxicity, the present work 
confirms and amplifies the conclusion earlier reached concerning the es- 
sentiality of a diet capable of supporting growth in the production of fatty 
livers due to choline deficiency (1, 2,8). This conclusion has been criticized 
by McHenry and Patterson (9) who attributed the results obtained with 
nicotinamide feeding to a non-specific toxicity of unknown mechanism. 
The present work, however, substantiates the original hypothesis that the 











206 EFFECT OF NICOTINAMIDE FEEDING 


inclusion of nicotinamide in the rat diet is simply tantamount to feeding a 
methionine and, hence, choline-deficient diet. Since the objections of 
McHenry and Patterson appear groundless, the original conclusion remains 
valid. While small amounts of dietary nicotinamide permitted rat growth 
and induced fatty liver formation, large quantities completely inhibited 
growth and no fatty infiltration of the liver occurred (1, 2). The failure 
of fatty livers to appear in the concomitant presence of choline and thiamine 
deficiencies is probably, as in the case of nicotinamide feeding, an example of 
the general concept that the fatty livers otherwise associated with choline 
deficiency are not manifest when the basal diet is incapable of supporting 
growth. 

However, it must also be stated that this conclusion applies only to short 
term experiments such as those which have been employed to study simul- 
taneous choline and thiamine (10), riboflavin (11), and methionine (1) 
deficiencies. In experiments of longer duration? it has appeared that when 
the animals cease losing weight and the growth curves reach a plateau 
accumulation of fat in the liver does occur. 

The author’s thanks are due to Mr. Jesse W. Huff for the urinary F, 
values reported herein, and to Merck and Company, Inc., Rahway, New 
Jersey, for a supply of crystalline vitamins. This work was aided by a 
grant from the Josiah Macy, Jr., Foundation. 
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A METHOD FOR THE DETERMINATION OF OXALIC 
ACID IN URINE 


By HARRY H. POWERS anv PAUL LEVATIN 
(From the Department of Biological Chemistry, Tufts College Medical School, Boston) 


(Received for publication, April 1, 1944) 


Numerous methods have been suggested for the determination of the 
oxalic acid content of urine. In the early methods such as those of Sal- 
kowski (1) and Dakin (2) some combination of an ether extraction of the 
oxalic acid from acidified urine and a precipitation as calcium oxalate was 
employed. A large volume of urine was required. In an attempt to 
simplify the procedure Maugeri (3) introduced a method in which the 
ether extraction is avoided, the oxalic acid being precipitated directly as 
the calcium salt from only 5 ce. of buffered, albumin-free urine. A similar 
method was later presented by Oikawa (4) who introduced a reprecipitation 
of the oxalate with cerium. 

Several years ago we had occasion to use Maugeri’s method and ex- 
perienced difficulty in obtaining checks on duplicate analyses of urine. 
Determinations were then made on solutions containing a known amount 
of oxalic acid in a salt mixture’ made to resemble urine in its concentrations 
of inorganic ions. From a solution containing 50 mg. of oxalic acid per 
liter, which is about twice the average value for human urine, the recovery 
varied from 3.6 mg. to 14.8 mg. per liter. From a solution containing 
100 mg. per liter the recovery was from 44.8 mg. to62.0mg. The fact that 
magnesium, phosphate, and sulfate ions affect the solubility of calcium 
oxalate or perhaps its rate of crystallization (5) adequately explains these 
unsatisfactory results. The simplicity of the method led us to a further 
investigation, but no satisfactory technique for direct precipitation was 
found. 

By extracting the oxalic acid with ether from acidified urine the trouble- 
some inorganic salts are eliminated, since they remain in the water layer. 
Ether extraction, however, presents problems of technique and may be 
incomplete (6). In the method which follows we use a modified Clausen 


1 For convenience a solution was prepared containing 12.4 gm. of MgSO,-7H,0, 
34.8 gm. of K,8O,, 48.0 gm. of KH,PO,, and 100 gm. of NaCl per liter. A 10-fold 
dilution of this solution will approximate the average urinary concentration of 
inorganic ions. A stock solution containing 0.7443 gm. of sodium oxalate (0.500 gm. 
of oxalic acid) per liter in 0.01 N sulfuric acid was also prepared. To make the various 
solutions for analysis it was necessary only to dilute 10 ec. of the salt mixture plus the 
appropriate amount of the stock solution of oxalie acid to 100 ce. in a volumetric 
flask. 
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(7) apparatus by which small volumes of urine may be effectively extracted 
with correspondingly small volumes of ether. Bumping and other annoy- 
ing features of ether extraction have been minimized. Following extraction 
and removal of the ether the oxalic acid is precipitated as the calcium 
salt from an acidified 60 per cent alcoholic solution. The oxalate is titrated 
with permanganate by the iodometric technique. 


Apparatus 


The modified Clausen continuous extraction apparatus is shown in 
Fig. 1. By the substitution of the “‘cold finger’’ type condenser, cork stop- 
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Fig. 1. Extraction apparatus. 
Fia. 2. Transfer siphon and centrifuge tube. 


per connections are eliminated, thus avoiding any possible contamination 
from this source. Also by substituting the 300 X 25 mm. test-tube for the 
Kjeldahl flask smaller amounts of ether may be employed in the extraction. 

The extractor consists of a 25 ec. test-tube in which is placed a funnel- 
shaped tube made from half of a 25 ce. pipette. This tube has an over-all 
length of about 200mm. The stem end is sealed and four holes are punched 
with a hot wire near the sealed end. A 3 mm. hole is drilled near the top 














| 





ny _—- = -» 


Con ot f= @ 


ou 


oy- 
ion 
um 
ted 


op- 


on 


he | 


mn. 
el- 
all 


op 











H. H. POWERS AND P. LEVATIN 209 


of the test-tube and the extractor is suspended in the apparatus by a 
nichrome wire which is hooked through this hole and passed up over the 
top of the large outer tube. This also serves to raise the condenser 
slightly and thus provide a necessary vent. 

The extraction is carried out on an electric hot-plate which should be 
covered with an asbestos sheet in which a small hole (about 1.5 em. di- 
ameter) is cut. With the apparatus resting in this hole the sides are 
protected by the asbestos against overheating. In very hot weather a 
eurrent of air from an electric fan directed against the apparatus may be 
necessary as an additional aid against overheating and consequent loss of 
ether. 

The centrifuge tube shown in Fig. 2 is of 15 cc. capacity and has the tip 
drawn to an inside diameter of about 1 mm. This type of tube has been 
used by several authors (4) and is necessary in handling the very small 
precipitates encountered in this method. The siphon which is also shown 
in Fig. 2 is used to transfer the oxalic acid from the extraction apparatus 
to the special centrifuge tube. 


Method 


In the collection of the 24 hour sample of urine a few cc. of formaldehyde 
may be used as a preservative. Fill a 25 cc. volumetric flask to the mark 
with the thoroughly shaken urine. Add 1 cc. of concentrated hydrochloric 
acid, stopper, and mix by several inversions. Heat by immersion in boiling 
water for 30 minutes to hydrolyze the oxaluric acid. Cool and filter. It is 
then ready for extraction. 

Extraction—Place three or four glass beads, 2 cc. of water, and about 
25 ec. of ether in the outer tube of the extraction apparatus. This combi- 
nation of glass beads and a layer of water under the ether practically elimi- 
nates the bumping which is usually such a serious problem. With a pipette 
transfer 10 cc. of the prepared urine to the inside tube of the apparatus 
which is assembled as in Fig. 1 and clamped in a support with the bottom 
resting on an electric hot-plate. A good flow of water must be passed 
through the condenser and the hot-plate so regulated that ether willdrip 
from the condenser tip at 100 to 110 drops per minute. Continue the 
extraction without interruption for 6 hours. It is sometimes necessary to 
add more ether during the extraction by slightly raising the condenser and 
pouring it in from a graduate. 

Transfer—Disconnect the apparatus and remove the condenser. Lift the 
extractor, washing it down with 2 ce. of 95 per cent alcohol from a pipette, 
and remove. Add 1 cc. of 2 per cent acetic acid to the contents of the 
outer tube. Shake with a twirling motion to mix the water and ether 
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layers* and, while continuing the shaking, drive off the ether by immersion 
in a water bath heated to about 70°. Place the transfer siphon (Fig. 2) 
in the special centrifuge tube and connect with an aspirator adjusted to 
give a mild suction. Transfer to the special centrifuge tube is effected by 
inserting the long arm of the siphon to the bottom of the extraction tube. 
Splashing may be prevented by breaking the suction through a manipula- 
tion of the stopper as the last drops come over. Remove the siphon and 
wash down the sides of the extraction tube with 2 cc. of 95 per cent alcohol. 
Transfer this with suction to the centrifuge tube. Repeat the washing 
and transfer with another 2 cc. portion of alcohol. By siphoning the 
contents will always drain to the bottom of the tube and the transfer is 
easily effected. 

Precipitation—Add 0.5 ce. of a 10 per cent calcium chloride solution 
to the contents of the special centrifuge tube and stir with an air current 
introduced through a fine capillary. The apparatus described by Leva- 
tinsky (9) is useful for this purpose. Overlay with 2 cc. of an acid-alcohol 
solution consisting of 60 ec. of 95 per cent alcohol, 10 ce. of 2 per cent acetic 
acid, and 20 cc. of water. This prevents the accumulation of a precipitate 
on the surface of the solution, which is difficult to remove by centrifuging. 
Let stand overnight and centrifuge for 30 minutes at about 2000 R.p.M. 
Decant and invert to drain for a few minutes. Wipe off the lip with a piece 
of filter paper. Wash down the sides of the tube with 2 cc. of the acid- 
alcohol solution and thoroughly break up the precipitate with a fine glass 
stirring rod. Remove the stirring rod, washing it down with 3 cc. of the 
acid-alcohol solution. Again centrifuge for 30 minutes, decant, drain, and 
heat for a few minutes in an oven or water bath to drive off the remaining 
alcohol. It is then ready for titration. 

Titration—Add 1 ce. of 20 per cent sulfuric acid and 0.5 cc. of 1 per cent 
manganese sulfate. Break up the precipitate with a fine glass stirring rod, 
rinsing the rod with a few drops of water when it is removed. Add witha 
pipette exactly 3 cc. of 0.01 N potassium permanganate. Stir with an air 
current introduced through a fine capillary tube and allow to stand 8 to 
10 minutes for the reaction to take place. Add 0.5 cc. of a 10 per cent 
solution of potassium iodide and mix by rolling between the hands. In- 
troduce 4 drops of a 1 per cent starch solution and 2 drops of asaturated 


* When a very dilute solution of oxalic acid in ether is evaporated to dryness, 4 
large part of the oxalic acid is lost. This fact was noted by Khouri (8) who, to prevent 
the loss, added an alcoholic solution of urea to convert the oxalic acid to oxalylurea 
before evaporation. The treatment with urea is superfluous, however, since no loss 
will occur if the solution is thoroughly shaken with water during the evaporation 
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solution of barium hydroxide. (The latter is not essential, but the white 
precipitate of barium sulfate which is formed makes a good internal back- 
ground against which one can more easily see the end-point marked by the 
disappearance of the blue color.) Titrate the excess permanganate with 
0.01 N sodium thiosulfate with a 5 cc. micro burette graduated in 0.02 ec. 
while stirring with an air current. Read to the nearest 0.01 cc. 

Calculations—From the volume of exactly 0.01 N potassium perman- 
ganate, as determined in the back titration with thiosulfate, the reagent 
blank® is subtracted and the result multiplied by 0.45 to give the mg. of 
oxalic acid measured by the titration. This must be multiplied by 1.04 asa 
volume correction for the hydrochloric acid added. ‘Thus if a 10 cc. sample 
is used, the mg. of oxalic acid in 100 cc. of urine = 4.68 (A — B — C). 
A = 0.01 N permanganate, B = 0.01 n thiosulfate, and C = the value of 
(A — B) found in the blank analysis. 

DISCUSSION 

About 90 per cent recovery of oxalic acid from known solutions is ob- 
tained by 6 hours of continuous ether extraction, as shown in Table I. 
These results are consistent and no advantage is to be gained by extending 
the extraction period to obtain complete recovery. Alcohol is employed 
in the transfer from the extraction tube to the special centrifuge tube 
because it wets the tube perfectly, thus permitting complete drainage and 
transfer. It also decreases the solubility of calcium oxalate in the sub- 
sequent precipitation, so that a quantitative recovery may be obtained from 
concentrations as low as 7.5 mg. per liter. 

It might be expected that the high concentration of alcohol would result 
in the precipitation of the calcium salts of other organic acids such as citric, 
tartaric, and malic which are also present in urine and are carried over in the 
ether extract. Under the conditions of the precipitation in which the 
unbuffered solution is made distinctly acid with acetic acid the calcium 
salts of these acids are completely soluble. However, if oxalic acid is 


* The value of this blank is so small that its origin is hard to trace. Presumably it 
comes mainly from the ether; yet the results are unaffected when it occasionally 
becomes necessary to use more ether. Doubling the amount of acetic acid likewise 
has no effect. Its value may be found directly by a blank analysis on distilled water. 
The percentage recovery by extraction as well as the reagent blank may be deter- 
mined by running analyses on two known oxalate solutions, one having twice the 
oxalate content of the other. Thus if solutions containing 0.25 mg. and 0.50 mg. 
respectively are taken for analysis, titration values of 0.56 ec. and 1.06 ec. of 0.01 n 
permanganate may be obtained. If z is allowed to equal the blank, 2 (0.56 — z) = 
106—2z. x=0.06cc. Subtracting this from the titration figures will give the values 
0.50 cc. and 1.00 cc., representing a 90 per cent recovery. 
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precipitated in the presence of citric acid, some calcium citrate is carried 
down. The amount precipitated consistently has a titration value equal 


TABLE | 
Recovery of Oxalic Acid from Salt Solutions* 


Oxalic acid present Oxalic acid found 


mg. per 100 cx mg. per 100 cc. per cent recovery 





10.00 8.70 87.0 
10.00 8.90 89.0 
10.00 8.80 88.0 
5.00 t.47 89.4 
5.00 4.47 89.4 
5.00 4.44 88.8 
2.50 2.22 88.8 
2.50 2.22 88.8 
2.50 2.18 87.2 
1.25 1.15 92.0 
1.25 1.13 90.4 
1.25 1.17 93.7 
0.75 0.68 90.7 
0.75 0.72 96.0 
0.75 0.70 93.3 








Average 


* See foot-note 1. 


TABLE II] 
Recovery of Oxalic Acid from Solutions* Containing Citric Acid 


Each figure given is the average of duplicate analyses. 


Oxalic acid found 


Citric acid, 


Oxalic acid present 


Citric acid, Citric acid, 
0.2 gm. per liter 1.3 gm. per liter 6.5 gm. per liter 
mg. per 100 cc. per cent recovery per cent recovery per cent recovery 
10.00 98.5 
5.00 97.0 99.2 100.0 

2.50 100.8 99.0 
1.25 95.3 100.5 
0.75 97.3 99.2 


Average recovery = 98.7 per cent. 
* See foot-note 1. 


to about 10 per cent of the calcium oxalate precipitated and is independent 
of the concentration of the citric acid. It is assumed to be due to occlusion 
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in the calcium oxalate precipitate. Since citric acid is a normal constituent 
of human urine to the amount of 0.2 gm. to 1.0 gm. per 24 hours (10) and 
since the amount carried down compensates within experimental error the 
10 per cent loss in extraction, it is unnecessary to introduce these corrections 
in the calculations (Table II). The presence of the other organic acids is 
without effect. The presence of protein in the urine likewise presents no 
difficulties, as it is removed in the filtration following the water bath 
treatment for the hydrolysis of oxaluric acid. 

The 24 hour urine samples in Table III were selected at random from 
subjects on average mixed diets with the exception of Sample 5. The very 
low oxalic acid content of this sample is a reflection of the subject’s aversion 
to vegetables which were almost entirely lacking in his diet. 


TaBLe III 
Oxalic Acid Excretion in 24 Hour Human Urine 


Each figure given is the average of duplicate analyses. 


Sample No. Excretion per 24 hrs. 


nN bo 
on 
- 


With known solutions of oxaluric acid it was found that heating on the 
water bath tor a full 30 minutes was necessary for complete hydrolysis. It 
was hoped that the relatively low temperature of the ether extraction would 
have little or no hydrolytic effect on oxaluric acid and that free oxalic acid 
could thus be determined by a direct extraction of the unhydrolyzed urine. 
Unfortunately oxaluric acid is about 50 per cent hydrolyzed by this treat- 
ment. Thus the method is applicable only to the determination of total 


oxalic acid. 
SUMMARY 


A method for the estimation of oxalic acid in urine is presented which 
employs relatively small samples and is accurate with concentrations as 
low as 7.5 mg. per liter. 
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STUDIES ON 1-METHYLHISTIDINE 
I. A SYNTHESIS OF dl-1-METHYLHISTIDINE* 


By WARWICK SAKAMI anv D. WRIGHT WILSON 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, April 6, 1944) 


1-Methylhistidine has been known since 1929 when it was obtained in 
inactive form on hydrolysis of anserine with barium hydroxide (Linneweh, 
Keil, and Hoppe-Seyler (1)). The optically active amino acid, presum- 
ably the /(—) isomeride, was obtained when sulfuric acid was used as the 
hydrolytic agent (Linneweh and Linneweh (2)). 

The identification of this amino acid as 1-methylhistidine, shown below 
(V), was based on the following evidence. It has the elementary composi- 
tion C;H,,0.N3, one methylimino group, and a-amino acid character as 
indicated by a positive ninhydrin reaction (Linneweh, Keil, and Hoppe- 
Seyler (1)). On alkaline pyrolysis of anserine Linneweh and his coworkers 
(1) obtained a dimethylimidazole which Keil (3) and Pyman (4) later 
identified as the 1 ,5-dimethyl derivative. 

1-Methylhistidine has not previously been synthesized.!. Keil (6) ob- 
tained a mixture of 1- and 3-methyl-a-phthalylhistidines on treating 
a-phthalylhistidine with dimethyl sulfate, but he was unable to separate 
the 1-methy! from the 3-methyl derivative which he thought occurred in 
large excess. 

A practical synthesis of 1-methylhistidine was of interest to confirm the 
structure of the natural compound which had been assigned that constitu- 
tion and to provide a more convenient source than the laborious isolation. 
The synthesis of this amino acid from d-fructose by a series of five reactions 
is described below. (1) d-Fructose is converted into 4(5)-methylolimidaz- 
ole (I). (2) 4(5)-Methylolimidazole (I) is oxidized to imidazole-4(5)- 
formaldehyde (II) by nitric acid. (3) Imidazole-4(5)-formaldehyde (II) 
is methylated to 1-methylimidazole-5-formaldehyde (III) by dimethyl 
sulfate in acetone. (4) 1-Methylimidazole-5-formaldehyde (III) is con- 


* This and the following paper are taken from the thesis presented by Warwick 
Sakami to the Faculty of the Graduate School of the University of Pennsylvania in 
1944 in partial fulfilment of the requirements for the degree of Doctor of Philosophy. 

1 The /-1-methylhistidine which Behrens and du Vigneaud (5) used in the synthesis 
of anserine was the natural compound which they obtained from Professor 
Ackermann. 
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densed with 2-thio-3-acetylhydantoin to 2-thio-4-(1-methylimidazole-5-al)- 
hydantoin (IV) with pyridine as a solvent and diethylamine or piperidine 
as a catalyst. (5) 2-Thio-4-(1-methylimidazole-5-al)-hydantoin (IV) is 
reduced and hydrolyzed in one step to form 1-methylhistidine (V) by reflux- 
ing with hydrogen iodide and red phosphorus. The yield of di-1-methyl- 
histidine is about 7 per cent based on the fructose used. 


HC==—=C-CH,0OH HC=—C- CHO HC=—=C-CHO 
| | | | 
N NH — > N NH —> N N-CH; 
“% /f YX Ff i 
CH, CH CH 
(D (ID (IIT) 


4 


HC=—=C- CH;-CH- COOH HC==—=C- CH==C———-CO 








N N-CH, NH, -—— N N-CH; NH NH 
, or 2 7 
CH CH 
Ss 
(V) (IV) 


1-Methylimidazole-5-formaldehyde picrate has been prepared from 
imidazole-4(5)-formaldehyde in small (5.7 per cent) yield by Hubball and 
Pyman (7). The procedure reported in this paper is productive of a 28 
per cent yield of pure 1-methylimidazole-5-formaldehyde. 

An improvement has been made in the synthesis of 2-thio-3-acetyl- 
hydantoin which was used in the preparation of 2-thio-4-(1-methylimid- 
azole-5-al)-hydantoin. The original method (Johnson and Nicolet (8); 
see also Johnson (9)) in which glycine was condensed with ammonium 
thiocyanate in acetic anhydride was modified by the substitution of 
potassium thiocyanate and an equivalent of sulfuric acid for the ammonium 
salt. This change avoided contamination of the product with a difficultly 
removable colored impurity without affecting the yield. The function of 
the sulfuric acid is to convert the potassium thiocyanate into free thiocyanic 
acid; when the ammonium salt is used, this is accomplished by the acetic 
anhydride which acetylates the ammonia. Difference in ability to furnish 
thiocyanic acid is undoubtedly responsible for the unequal reactivity of 
ammonium and potassium thiocyanates on amino acids observed by 
Johnson (9) and Johnson and Nicolet (10). 

dl-1-Methylhistidine was also synthesized by methods involving hippurie 
acid and diketopiperazine. The yields obtained by these procedures were 
inferior to that reported in this paper. 

dl-1-Methylhistidine crystallizes from 50 per cent alcohol in microscopic 
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rods* (Fig. 1). It is a sweet tasting, colorless, water-soluble compound 
which decomposes sharply at a temperature between 247—250°, depending 
on the rate of heating. Mixed melting point determinations of the 3,4- 
dichlorobenzenesulfonates and picrates showed that it is identical with the 
basic amino acid which we obtained by hydrolyzing anserine with barium 
hydroxide. 

The 1-methylhistidine was optically inactive. A single attempt to 
resolve the compound by means of d-tartaric acid* was unsuccessful. 


EXPERIMENTAL 


1(5)-M ethylolimidazole—4(5)-Methylolimidazole picrate was prepared by 
the procedure of Darby, Lewis, and Totter (12) in 56 per cent yield. It 





Fig. 1. dl-1-Methylhistidine. X 150 


decomposed at 204°. The picric acid was removed by shaking with benzene 
and hydrochloric acid (Koessler and Hanke (13)), and the free base was 
isolated in 94 per cent yield essentially by the method of Pyman (14). It 
melted at 93-94°. 

I midazole-4(5)-formaldehyde—4 (5)-Methylolimidazole was oxidized to the 
aldehyde with concentrated nitric acid (Pyman (15)). The yield was 61 
per cent. The product melted at 172°. 

Methylation of Imidazole-4(5)-formaldehyde—20.0 gm. of imidazole-4(5)- 
formaldehyde were dissolved in 1600 ml. of acetone under a reflux, and the 
hot solution was filtered from a small amount of resin. 20.0 ml. of freshly 


? Crystals resembling those shown in Linneweh and Linneweh’s (2) photograph 
were obtained on evaporating a drop of aqueous dl-1-methylhistidine solution on 
a watch-glass. 

* dl-Histidine has been resolved with d- and l-tartaric acids (Pyman (11)). 
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distilled dimethyl sulfate were added drop by drop while the flask was 
shaken, and the solution was heated under a reflux for | hour. The acetone 
was removed under reduced pressure, leaving an amber-colored oily liquid 
which was dissolved in 30 ml. of water and extracted with a little chloroform 
which was discarded. The aqueous solution was saturated with potassium 
carbonate and extracted with 500 ml. of chloroform in 50 ml. portions, 
After the chloroform extract was dried with anhydrous magnesium sulfate, 
it was evaporated under reduced pressure. The residue set to a mass of 
yellow crystals weighing 10.6 gm. 

1-Methylimidazole-5-formaldehyde M onopicrate—The mixture of methylim- 
idazoleformaldehydes was dissolved in 100 ml. of water and poured into 
a hot solution of 22.1 gm. (1 equivalent) of picric acid in 800 ml. of water. 
The solution was rapidly cooled to room temperature in a water bath and 
filtered. The yellow crystalline precipitate was washed with a little water 
and dried in vacuo over sulfuric acid. The yield, 20.1 gm., was 28 per cent 
of the theory based on the imidazole-4(5)-formaldehyde used. The picrate 
melted at 172—173°, simultaneously with an authentic sample of |-methylim- 
idazole-5-formaldehyde picrate prepared according to the directions of 
Hubball and Pyman (7) and with a mixture of the two preparations. A 
sample was prepared for analysis by recrystallization from water. The 
melting point was not improved by this procedure. 

Analysis (Kjeldahl) —CsHsON2-CsH;O7;N;. Calculated, N 20.6; found, 21.0 


!-Methylimidazole-5-formaldehyde—20.0 gm. of 1-methylimidazole-5- 
formaldehyde picrate were shaken with a mixture of 40 ml. of 12 per cent 
hydrochloric acid and 80 ml. of nitrobenzene. The nitrobenzene was 
separated, and the remaining picric acid and nitrobenzene were carefully 
removed from the aqueous solution by extracting three times with 10 ml. 
portions of chloroform. The solution was then saturated with potassium 
carbonate and extracted with 600 ml. of chloroform in 50 ml. portions. 
The chloroform was dried with anhydrous magnesium sulfate and 
evaporated under reduced pressure. 6.45 gm. of colorless crystals melting 
at 54° were obtained. This is a yield of 99.5 per cent. The material was 


analyzed without further purification. 
Analysis (Kjeldahl) —CsH,sON:2. Calculated, N 25.5; found, 25.0 


2-Thio-3-acetylhydantoin—10.0 gm. of glycine and 12.9 gm. of potassium 
thiocyanate were intimately ground together and suspended in 45 ml. of 
acetic anhydride and 5 ml. of glacial acetic acid. Reaction occurred 
spontaneously in a few minutes. When the solid had dissolved, 3.6 ml. 
of concentrated (95 to 96 per cent) sulfuric acid (Merck reagent) were added 
drop by drop while the flask was shaken, and the solution was then heated 
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on the steam bath for 20 minutes. The product was stirred into 165 ml. 
of ice-cold water and placed in the refrigerator. After the mixture stood 
t hours, the straw-colored crystals were filtered off, washed with water, 
and dried over sulfuric acid. 15.0 gm. of 2-thio-3-acetylhydantoin were 
obtained, which softened at 171° and melted at 173-174°. After reerystal- 
lization of the product from 100 ml. of alcohol it weighed 11.5 gm., melted 
at 175°, and was colorless. The yield of purified product was 55 per cent. 
The compound did not depress the melting point of an authentic sample 
of 2-thio-3-acetylhydantoin prepared according to the directions of Johnson 
and Nicolet (8). 

2-T hio-4-(1-methylimidazole-5-al)-hydantoin—1.00 gm. of 1-methylimid- 
azole-5-formaldehyde and 1.44 gm. of 2-thio-3-acetylhydantoin‘ were 
suspended in 2 ml. of pyridine. On addition of 2 ml. of diethylamine® a 
vigorous reaction commenced and sudden precipitation occurred after a 
few minutes. The mixture was then heated under a reflux on a water bath 
for 10 minutes and poured into 100 ml. of hot® water. 2 ml. of glacial 
acetic acid were added immediately, and the precipitate was filtered after 
cooling to room temperature. The product was thoroughly washed with 
water and dried, first over sulfuric acid, then by heating 1 hour at 100° 
in vacuo over phosphorus pentoxide. The yield was 1.79 gm., 95 per cent 
of the theory. It decomposed at 321°. A sample purified for analysis by 
dissolving in dilute hydrochloric acid and precipitating with dilute sodium 
hydroxide decomposed at 333°. 


Analysis (Kjeldahl)—CsHsOSN,. Calculated, N 26.9; found, 26.5 


dl-1-Methylhistidine Bis-3 ,4-dichlorabenzenesulfonate—1.00 gm. of the 
thiohydantoin was refluxed 6 hours with 10 ml. of constant boiling hydriodic 
acid and 0.5 gm. of red phosphorus. The hydriodic acid was then removed 
in vacuo and the residue taken up in a little water and filtered from excess 
phosphorus. The final volume of the solution was 35 ml. 3.5 gm. of 
3,4-dichlorobenzenesulfonic acid’ were stirred in rapidly. A dense crystal- 
line precipitate (Fig. 2) separated almost immediately and was filtered off 
after standing in the refrigerator for 2 hours. The product was washed 
with a small volume of ice-cold 5 per cent aqueous 3 ,4-dichlorobenzenesul- 
fonic acid solution, dried over sulfuric acid, and freed from traces of the 
sulfonic acid by washing with ether. It weighed 2.72 gm. and melted at 
251-252°. The yield was 91 per cent. A sample was prepared for analysis 


‘ The use of a slight excess of acetylthiohydantoin does not increase the yield. 

5 Piperidine may be used with identical results. 

‘The thiohydantoin is readily filtered only when it is precipitated from hot 
solution. 

7 3,4-Dichlorobenzenesulfoniec acid was prepared by Vickery’s procedure (16). 
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by reerystallizing it from water. This procedure did not raise the melting 
point. 


{nalysis (Kjeldahl C +H, oN ae, | 'sH,O,SCL Caleulated N 6 74 


Found. - er 


dl-1-Methylhistidine—A solution of 9.5 gm. of barium hydroxide dissolved 
in 25 ml. of hot water was added to a hot solution of 15 gm. of d/-1-methyl- 
histidine bis-3 ,4-dichlorobenzenesulfonate in 75 ml. of water. After the 
mixture was chilled in the refrigerator 2 hours, the barium 3 ,4-dichloroben- 
zenesulfonate was filtered off and thoroughly washed with cold water. The 


filtrate and washings were combined and concentrated to about 25 ml. 
After the material had stood in the refrigerator } hour, a small amount of 
the barium sulfonate was filtered off and carefully washed with a little 


WA 





Fig. 2. dl-1-Methylhistidine bis-3,4-dichlorobenzenesulfonate. X 35 


ice-cold water which was combined with the filtrate. The solution was 


freed from barium with a slight excess of sulfuric acid, and the filtrate 
concentrated to about 10 ml. and precipitated with an equal volume of 
alcohol. After the product was cooled in the refrigerator } hour, the 
crystals were filtered off, washed with a little 50 per cent alcohol, then with 
a few drops of 95 per cent alcohol, and sucked dry on the funnel. 3.36 gm. 
of dl-1-methylhistidine were obtained. The compound decomposed sharply 
at a temperature between 247-250°, depending on the rate of heating. 

A second crop of dl-1-methylhistidine, weighing 0.39 gm., was obtained 
on concentrating the filtrate to 2 ml. and precipitating with an equal 
amount of alcohol. Its decomposition point was 2° below that of the first 
crop. On recrystallization by dissolving in 1.5 ml. of hot water and pre- 
cipitating with 1 ml. of alcohol, 0.35 gm. of di-l-methylhistidine was 


obtained, which melted identically with the first crop. 
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The total yield of pure d/-1-methylhistidine was 3.71 gm., 91.2 per cent 
of the theory. The material was analyzed without further purification. 
Analysis—C;H,,0O.N 


Calculated. C 49.69, H 6.56, N 24.8, N-Me 8.88 
Found. ** 49.64, “ 6.58, “* (Kjeldahl) 24.6, N-Me 8.93 


The Beilstein test for halogen was negative. 

1.27 gm., 8.5 per cent, of the di-l-methylhistidine bis-3 ,4-dichloroben- 
zenesulfonate were recovered by evaporating the combined filtrates from 
the precipitation and recrystallization of the dl-l-methylhistidine to about 
2 mi. and adding 1.25 gm. of the sulfonic acid. 

The properties of dl-l-methylhistidine agree with those reported in the 
literature. It gives a positive ninhydrin reaction and a positive Kapeller- 





Fic. 3. dl-1-Methylhistidine dipicrate. x 35 


Adler test though with a weaker color than histidine. Its aqueous solutions 
dissolve cupric carbonate on warming with the formation of a blue color. 

dl-1-Methylhistidine Dipicrate—A dipicrate of dl-1-methylhistidine was 
prepared by adding an excess of saturated aqueous picric acid to a concen- 
trated solution of the amino acid. It precipitated as an oily liquid which 
solidified on scratching. After reerystallization from water (yellow prisms, 
Fig. 3) and drying over sulfuric acid, it decomposed at 186°. 


Analysis (Kjeldahl) —C;HiiO.N3-2CsHsO7N;. Calculated, N 20.1; found, 20.0 


Identification of dl-1-Methylhistidine with Basic Amino Acid Obtained on 
Hydrolyzing Anserine with Barium Hydroxide—Anserine was hydrolyzed 
by a modification of the procedure of Linneweh, Keil, and Hoppe-Seyler 
(1). 0.20 gm. was refluxed for 24 hours with 5 gm. of barium hydroxide 
and 5 ml. of water. After the solution was diluted, most of the barium was 
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removed as the carbonate and the remainder was precipitated by adding a 
slight excess of sulfuric acid. A polarimetric analysis indicated that the 
|-methylhistidine was 96 per cent racemized. dl-1-Methylhistidine was 
isolated as the 3 ,4-dichlorobenzenesulfonate and recrystallized from water, 
The appearance of the crystals was indistinguishable from that of synthetic 
dl-1-methylhistidine bis-3 ,4-dichlorobenzenesulfonate. The melting point 
of the compound, 251-252°, was not depressed on mixture with the synthetic 
preparation. 
inalysis (Kjeldahl) —C;H1O2N3-2CsH,OsSCle. Calculated. N 6.74 
Found * 6.65 
The 3,4-dichlorobenzenesulfonate was converted into the picrate and 
recrystallized from water. The compound was dried over sulfuric acid, 
then over phosphorus pentoxide in vacuo at 100°. The erystals had the 
same appearance as that of synthetic d/-1-methylhistidine dipicrate. The 
decomposition point, 185°, was not depressed by mixture with the synthetic 


compound. 
Analys s Kjeldahl CH yWO.N - 2( ‘sH O;N Calculated N 20 is found, 19.8 
SUMMARY 


di-1-Methylhistidine has been synthesized. It is identical with the basie 
amino acid obtained on hydrolyzing anserine with barium hydroxide. 
An improved synthesis of 2-thio-3-acetylhydantoin has been described. 
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STUDIES ON 1-METHYLHISTIDINE 


Il. A STUDY OF THE METABOLISM OF dl-1-METHYLHISTIDINE IN THE 
ALBINO RAT 


By WARWICK SAKAMI anno D. WRIGHT WILSON 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, April 6, 1944) 


1-Methylhistidine is a component of anserine, a normal constituent of 
the muscles of many vertebrates (Zapp and Wilson (1)). In a recent 
communication (Schenck, Simmonds, Cohn, Stevens, and du Vigneaud (2)) 
its formation in the rabbit by the transfer of methyl groups from methionine 
to histidine has been described. A study of the possibility that the methy] 
group can be removed is discussed in the present paper. Processes of this 
type have been demonstrated for the methylglycines; 7.e., sarcosine, 
N-dimethylglycine, and betaine. When sarcosine (Bloch and Schoen- 
heimer (3)) or betaine (Stetten (4)) containing an excess of N™ was fed to 
adult rats, the glycine isolated from the tissue proteins was found to contain 
the isotope in much higher concentration than other amino acids, indicating 
that these compounds can be converted into glycine by demethylation 
without deamination. Handler and his coworkers (5) have observed 
processes of this nature in ‘‘broken cell preparations”’ of rat, rabbit, and 
guinea pig liver in that added sarcosine and N-dimethylglycine were 
oxidized to glycine and formaldehyde. 

Since histidine is an essential amino acid for the albino rat, it is possible 
to test the hypothesis that these animals may obtain histidine from dl-1- 
methylhistidine' by feeding this compound as a supplement to a histidine- 
deficient diet. This experiment has been carried out as described below. 


EXPERIMENTAL 


Five litter mate albino rats 26 days old were confined in separate cages 
and fed ad libitum a diet of the following percentage composition: starch 
40.0, sucrose 15.0, lard 19.0, cod liver oil 5.0, salt mixture (Jones and Foster 
(8)) 4.0, agar 2.0, histidine-deficient casein hydrolysate? 14.5, tryptophane 
0.2, and cystine 0.3. Vitamin B complex was provided by the separate 
daily feeding of 100 mg. of yeast vitamin (Harris). 

i d-Histidine supports the growth of rats nearly as well as /-histidine (Cox and 


Berg (6), Conrad and Berg (7)). 
* The histidine-deficient casein hydrolysate was prepared by the procedure of 


} Conrad and Berg (7). Casein was hydrolyzed with sulfuric acid and the histidine 


was precipitated with mercuric sulfate. 
223 
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The weight and food consumption were measured at frequent intervals 
and are summarized in Fig. 1. On replacement of the laboratory stock diet 
with the basal food mixture deficient in histidine, the rats at first lost weight 
rapidly. By the 9th day their weights were approximately constant, and 
the administration of supplemented diets was commenced. Rat 1 was 
given a supplement of 0.37 per cent /-histidine and Rats 2, 3, and 4 supple- 
ments of 0.80 per cent d/-1-methylhistidine in the basal diet. The dl-1- 
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Fic. 1. Growth of albino rats on a basal diet deficient in histidine and on this diet 
supplemented with /-histidine and dl-1-methylhistidine. Sex and initial weights of 
the rats are indicated to the left of the curves. The figure within the sex symbol 
is the number of the rat. Letters and figures above the curve denote the diet and 
average food consumption per day respectively, computed for the period between 
the solid cireles. Diet A is the basal diet; Diet B is Diet A + 0.37 per cent /-histi- 
dine; Diet C is Diet A + 0.80 per cent dl-1-methylhistidine; Diet D is Diet A + 
0.37 per cent l-histidine + 0.80 per cent dl-1-methylhistidine 


methylhistidine was prepared by the procedure reported in Paper I (Sakami 
and Wilson (9)). Rat 5 was retained as a control. The animal receiving 
histidine gained weight and increased its food consumption, while the others 
all continued to decline in weight. After the 22nd day all rats except the 
control were fed the basal diet supplemented with 0.37 per cent /-histidine. 
Rat 4 received in addition 0.80 per cent dl-l1-methylhistidine. They all 
consumed more food and increased in weight. 
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DISCUSSION 


When compared with respect to food consumption and loss in weight, 
the three albino rats which received a food mixture deficient in histidine 
supplemented with 0.80 per cent dl-1-methylhistidine were similar to an 
animal which was given only the basal diet, and to Conrad and Berg’s (7) 
rats which received a closely similar basal food mixture. This supplement 
was sufficient to supply 0.37 per cent d- or /-histidine if demethylation of 
one of the isomers occurred. On the other hand, when the di-l-methyl- 
histidine was replaced with 0.37 per cent /-histidine the rats consumed more 
food and increased in weight. It is evident that under these experimental 
conditions the albino rat cannot obtain histidine from either the d- or the 
l-l-methyl derivative. Our experiment does not indicate whether this 
amino acid can furnish methyl groups for the methylation of other com- 
pounds, but if this process occurs, the product is not histidine and cannot 
be converted into it. 

It has been reported that anserine is little if at all toxic (Isachenko and 
Filippova (10)). No evidence was obtained in this experiment that dl-1- 
methylhistidine is toxic for the white rat. The rapid loss in weight of 
Rat 4 was probably due to the histidine deficiency, since this animal gained 
weight when it received /-histidine even though the methyl derivative was 
retained in its diet. 


SUMMARY 


dl-1-Methylhistidine did not promote growth in albino rats when fed as 
a supplement to a diet deficient in histidine. This shows that these animals 
cannot obtain histidine by the demethylation of this derivative. 

Dietary dl-1-methylhistidine appears to be well tolerated by albino rats 
when fed at a level of 0.80 per cent. 
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THE ACTION OF 1,2-EPOXIDES ON PROTEINS 


By HEINZ FRAENKEL-CONRAT 
(From the Western Regional Research Laboratory,* Albany, California) 


(Received for publication, February 28, 1944) 


During a study of methods for the modification of waste proteins for 
industrial use, the scarcity of reagents known to combine with protein 
carboxyl groups became evident. Indications that the carboxyl groups 
of silk fibroin and of wool might be esterified by treatment with diazomethane 
(1) or methyl sulfate or halide (2) have been reported. The conditions of 
the usual methods for esterification, however, may be harmful for many 
proteins (3). It appeared that 1,2-epoxides (R—-CH—CH—R’) might 

lof 

O 
prove practicable, inasmuch as they are known to combine with acids under 
mild conditions (4). Several representatives of this class of compounds, 
such as ethylene oxide, 1 ,2-propylene oxide, and epichlorohydrin, are now 
commercially available. A search of the literature revealed no information 
concerning the nature of the interaction of these reagents with proteins, 
other than a patented procedure for the esterification of casein (5). The 
action of epoxides on amino acids appears to have been studied exclusively 
in anhydrous media (6,7). Model experiments on the esterification of fatty 
acids and amino acids by epoxides in aqueous solution at room temperature 
were therefore initiated simultaneously with an investigation of the effect 
of these reagents on several proteins. Some results of the former experi- 
ments are being reported elsewhere.! They indicated that epoxides were 
effective esterifying agents for dissociated carboxyl groups. Amino groups, 
on the other hand, were found to combine with the reagent more rapidly 
when uncharged. 

Treatment with epoxides will be shown here to be similarly effective for 
modifying proteins in aqueous solution at room temperature. While 
this publication will be confined to the studies performed on crystalline egg 
albumin and §-lactoglobulin, other proteins were found to react generally in 
a similar manner.' The reactions which were found to occur can be il- 
lustrated by the accompanying scheme. 


* This is one of four regional research laboratories operated by the Bureau of Agri- 
cultural and Industrial Chemistry, Agricultural Research Administration, United 
States Department of Agriculture. 

1 Fraenkel-Conrat, H., Olcott, H. 8., and Cooper, M., in preparation for publi- 
cation. 
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The most pronounced effect on the properties of the protein is due to the 
esterification of a great proportion of its carboxyl groups. ‘This causes a 
shift in the isoelectric point by 1 to 3 pH units. The solubility of the pro- 
tein in neutral and alkaline solution is diminished and the electrophoretic 
mobility is affected. 

The addition of the reagent to the amino groups does not suppress their 
basic nature and therefore does not tend to balance the effects of esterifica- 
tion of carboxyl groups on the properties of the protein. 

Phenolic and sulfhydryl groups form ethers and thio ethers with the 
epoxide reagents. A study of the reaction of aliphatic hydroxy! groups is 
precluded by the lack of a test for these groups in proteins, but it may be 
assumed that aliphatic ethers do not form under the experimental conditions 
used, since the introduction of many new hydroxyl groups by combination 
of the reagent with all types of protein groups would then be expected to 
lead to unlimited polymerization. Actually the yield of the protein deriva- 
tive is limited, the amount of reagent introduced never exceeding 10 per 
cent of the weight of the protein, regardless of the excess used. 

EXPERIMENTAL* 

Preparation of Derivatives—The reaction between epoxides and proteins 
was performed under various conditions, four of which offered definite and 
specific advantages. These were (1) reaction in neutral salt-free solution, 
(2) reaction in solution acidified with acetic acid to pH 3.5 (approximately 
0.4 gm. of acid per gm. of protein), (3) reaction in sodium hydroxide solu- 
tion of pH 8 (approximately 2.7 ml. of 0.1 N alkali per gm. of protein), and 
(4) reaction in 6.6 M urea. The egg albumin samples used in the experi- 
ments were placed at our disposal by F. E. Lindquist and R. A. O’Connell 
of this Laboratory; they were prepared according to Kekwick and Cannan 
(8) and were recrystallized from two to four times. The crystalline 8-lacto- 
globulin was kindly supplied by E. F. Jansen of this Laboratory who pre- 
pared it according to the method of Palmer (9). Ethylene and propylene 
oxides were commercial preparations; epichlorohydrin was furnished by 
the Shell Development Company. 

? The details of representative experiments are summarized in Table I. 


* Hydrochloric acid was found unsuitable since it combined more rapidly with the 
reagent than did the protein. 
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Taste I 
Effect of Epoxides on Proteins; Experimental Details 








Conditions of treatment Reaction product 
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re- t None of these data is corrected for the increase in mass of the protein through if 
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hy t These results were obtained from readings of turbid solutions. ‘ta 


More work was done with propylene oxide than with the lower boiling 
ethylene oxide or the water-insoluble epichlorohydrin. A comparison of 
the ( the properties of egg albumin derivatives prepared by the use of equimolar 
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amounts of the three reagents indicated no major difference, with the 
exception that the epichlorohydrin-treated material was less soluble than 
the other two. 

When an epoxide was added to a dialyzed egg albumin solution (1.5 to 
t per cent), a turbidity appeared within a few seconds, followed by gradual 
precipitation of the protein (Method 1). Complete precipitation of the 
derivative occurred when the reagent concentration was 10 to 20 per cent; 
only 30 to 50 per cent of the protein was precipitated at epoxide concen- 
trations of 3 and 5 per cent. The insoluble protein derivative could be 
isolated by centrifugation. Repeated washing with 0.1 m sodium chloride 
solution did not cause losses of the material exceeding 5 per cent. 

When the treatment was carried out in acid or alkaline solution, or in 
urea (Methods 2, 3, 4), no precipitate formed even upon prolonged standing. 
The alkaline solutions were slowly transformed into clear gels if the protein 
concentration was high (3 to 4 per cent). When the protein was treated 
with propylene oxide in 0.5 to 1.0 per cent sodium chloride solution, a 
precipitate formed and again disappeared within aboyt 16 hours, resulting 
in a clear solution or gel, depending upon protein concentration. This 
phenomenon could be explained as due to the known tendency of epoxides 
to add hydrochloric acid, even from neutral solutions (4), with the formation 
of free hydroxylions. Propylene oxide treatment in salt solution therefore 
corresponded to that performed with added alkali (Method 3), as was borne 
out by the physical and chemical properties of the resulting protein de- 
rivatives. 

Regardless of the nature of the solvent, the reaction of proteins with 
epoxides was found to be accompanied by a shift in the pH of the reaction 
mixture toward the alkaline side. This shift had previously been observed 
also with amino acids! and is a direct consequence of the esterification of 
carboxyl groups. 

To isolate the reaction products, the solutions (or gels) were dialyzed; 
this increased the tendency toward gel formation. Electrodialysis was 
then found convenient, leading to precipitation of the entire modified pro- 
tein, regardless of its previous physical state. The salt-free suspensions 
could be centrifuged satisfactorily, notwithstanding the gelatinous appear- 
ance of the electrodialyzed protein. The precipitates were frozen and 
dried in vacuo, yielding the modified protein in the form of a light powder, 
generally in yields of 100 to 110 per cent. While the preparation of the 
protein derivatives by these methods was slightly more laborious than by 
precipitation from neutral solution (Method 1), it offered definite advan- 
tages. Thus treatment of the protein in alkali or in urea favored the reac- 
tion of the amino groups with the reagent. Variations in the conditions 
of treatment also affected the solubility of the protein derivative, as will 
be demonstrated in the following section. 
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Solubility of Derivatives—As indicated by the methods of isolation, all 
protein derivatives were almost completely insoluble in distilled water and 
in dilute salt solutions. They were, however, soluble in 40 per cent urea. 
Their solubility in acid and alkaline solutions corresponded to what might 
be expected of protein derivatives containing fewer acid groups but the 
original number of basic groups. Thus all derivatives studied were soluble 
in dilute acid, but much less soluble or insoluble in alkali. 

Preparations obtained by Method 1 were the least soluble. They could 
be dissolved only at approximately pH 3, or at pH 2.5 if epichlorohydrin 
had been used in their preparation. Subsequent addition of alkali gave 
rise to a turbidity followed by precipitation when the pH rose to 4.5 to 6.5, 
depending upon protein concentration. Addition of alkali up to pH 11 
or 12 generally resulted in resolution of the material, but the product could 
not be dissolved by the same amount of alkali directly; 7.e., without pre- 
viously having been dissolved in acid. An explanation for this was sug- 
gested by the finding that a small part of the ester linkages was not stable 
in acid solutions, as will be shown below. 

The derivatives prepared in acid or alkali (Methods 2 and 3) were more 
soluble than those obtained by Method 1. They could be dissolved di- 
rectly in alkali as well as in a weakly acidic medium (at pH 11 or 6, to 1 
per cent or more). ‘The same was the case for preparations obtained by 
Method 4 if treatment was restricted to a period of 1 or 2 days only. 
After 4 days treatment in urea, the product was considerably less soluble. 

Isoelectric Point of Derivatives—-The fact, already mentioned, that 
epoxide-treated egg albumin and 8-lactoglobulin preparations were least 
soluble between pH 7 and 8 suggested a shift of their isoelectric points by 
about 2 to 3 pH units. Owing to their insolubility in the isoelectric region, 
indirect methods were used in search of confirming evidence. Electro- 
dialyzed preparations of both treated (Method 4, 4 days) and untreated egg 
albumin were dissolved in 6.6 M urea (to 1.5 per cent) and the pH values 
of these solutions were determined by means of a glass electrode. These 
were pH 5.7 for the untreated and pH 8.7 for the treated sample. While 
both these values were slightly higher than expected, possibly owing to an 
error in the pH measurements introduced by the solvent (40 per cent urea), 
the difference may be regarded as further evidence for a shift of the iso- 
electric point of the treated protein. 

Confirmation was also obtained from studies of the dye-combining ca- 
pacity of the proteins and their derivatives. Chapman, Greenberg, and 
Schmidt (10, 11) showed that negatively charged protein groups combined 
with basic dyes and positively charged groups with acid dyes. On the 
basis of the assumption that the isoelectric point of a protein corresponds 
to the pH at which the capacity of the protein to combine with both acid 
and basic dyes is at a minimum, the use of dyes has been suggested for the 
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approximate determination of the isoelectric point of soluble and insoluble 
proteins.' It was observed that the esterified derivatives of both egg 
albumin and §-lactoglobulin bound no measurable amounts of the acid or 
basic dyes between pH 6 and 8, while the untreated proteins bound no 
dye at pH 5. 

Further confirmation of the change in the isoelectric point of the treated 
proteins came from electrophoretic experiments. 

Electrophoretic Migration—These experiments were kindly performed by 
Dr. H. P. Lundgren and Dr. W. Ward of this Laboratory by the conven- 
tional Tiselius technique. The results of representative runs, summarized 
in Table II, show that propylene oxide-treated egg albumin and £-lacto- 
globulin migrated toward the cathode at pH 5.8 and 6.0, while the un- 


TaBLe II 


Effect of Propylene Oxide Treatment on Electrophoretic Mobility 
of Proteins 


. Electrophoretic 
> 4 , 
Protein and type of treatment obility* pH} 


| Sq.cm. per volt sec. X 108 | 
| | 


Egg albumin, untreated Ad tee —4.4 5.8 
r; Method 1, 1 day... oer +3.0 5.5 
et. a i) iar +5.1 5.8 
” ” Re re —8.8 9.5 
" os Method 4, 1 day.. —6.2 9.6 
e . “=o 3, 7 days —4.1 9.5 

8-Lactoglobulin, untreated —2.9 5.9 


ns Method 3, 1 day +0.73 6.0 


* Descending boundary. 
+ Acetate buffers were used at pH 5.5 to 6.0; a glycine buffer at pH 9.5 to 9.6. The 
ionic strength was 0.03 to 0.04 throughout. 


treated proteins migrated anodically at this reaction. At pH 9.6 to 9.9 
all samples migrated toward the anode, the treated ones, as might be 
expected, at a lower rate than the untreated preparations. With regard 
to homogeneity, the epoxide derivatives included in Table II appeared to 
be of the same order of “purity” as the untreated proteins. The latter 
may have contained as much as 20 per cent of a contaminant of similar 
mobility as the main fraction, as indicated by a single but not quite sym- 
metrical boundary. In contrast to these more soluble epoxide derivatives 
obtained by Methods 2, 3, and 4, most of those prepared according to 
Method 1 had to be run in the Tiselius apparatus below pH 4, owing to 
their insolubility in salt solutions of higher pH. These latter preparations 
showed inhomogeneity to a considerable extent, due perhaps to the method 
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of preparation or to an action of the buffers of pH 2.5 and 3.5 on the pro- 
tein derivatives. 


Determination of Protein Groups 


Amino, Phenolic, and Sulfhydryl Groups—Amino groups were estimated 
by the Van Slyke manometric procedure (12), with a 15 minute reaction 
period in a chamber protected from light (13). The amino nitrogen con- 
tent of various protein preparations was found to be largely independent 
of the physical state of the material; thus, similar values were obtained 


Tasie III 
Effect of Propylene Oxide Treatment on Protein Groups 











Conditions of treatment Decrease in groups* 
ay STEM Te TT 1sysrenpeeasinneenenpttinneatitnsatiaiiedth 
Medium | Days | Carboxy! | Amino | (le) 
| | per cent per cent per cent 

Egg albumin + l | Neutral | | | 44 | 63 34 
propylene oxide 2 49 | 66 55 
4 | 70 | 73 60 
2 | Acid le ek Be ks Soe >0 
| 6 | 46 27 >42 
3 | Alkali | 1 | 4! 95 31 
| 2 | 68 89 66 
7 lv) Qe 95 70 
Saline | 2 59 91 50 
1 | Urea — 67 87 | >55 
| pio « uangpogrgy >69 
7 iyo | 95 78 
Egg albumin + l Neutral 2 6 | 7 41 
ethylene oxide 4 Urea 2 80 
8-Lactoglobulin + 3 Saline 1 49 | 88 12 
propylene oxide 4 6 62C«SsC‘<i‘«‘ 2 43 





* Corrected for the increase in mass of the protein through combination with the 
reagent, as indicated by decreases in nitrogen content (see Table I). 


for suspensions of 60 to 200 mesh powders and for acid solutions of the 
same material. Amino nitrogen determinations of various epoxide-treated 
preparations indicated that the amino groups of proteins had reacted 
almost quantitatively when the treatment was performed in alkali or in 
urea (Methods 3 and 4). The derivatives prepared by rapid precipitation 
from neutral solution (Method 1) still retained about 30 to 40 per cent, 
and those prepared in acid (Method 2) 70 to 100 per cent, of their original 
amino groups (Table III). These findings are in agreement with those of 
model experiments on amino acids,' which indicated that the amino groups 
reacted preferentially in alkaline solution. 
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Other protein groups for which test methods were available were the 
phenol (plus indole) groups and the sulfhydryl groups. For these colori- 
metric tests, the protein had to be used in solution rather than in suspen- 
sion. The Herriott modification (14) of the Folin method was employed 
for the estimation of the phenolic groups. The readings obtained with 
protein derivatives were compared with a standardization curve prepared 
with 2 to 20 mg. of native egg albumin.‘ Upon addition of the reagent 
and buffer, some of the samples studied yielded turbid solutions which 
could not be clarified by centrifugation. No attempts were made to avoid 
this by the use of a solvent, such as urea or a detergent, which would have 
introduced the unknown factor of the effect of denaturation through the 
solvent on the available tyrosine groups (15). Clear solutions were ob- | 
tained with a sufficient number of samples to permit the conclusion that 
the phenolic groups had been blocked to about 80 per cent by both propy- 
lene oxide and ethylene oxide in urea solution, slightly less in alkaline and 
neutral solution without urea, and least in acid solution (Table ITI). 

Sulfhydryl tests with the Folin reagent in urea solution (16) were negative 
for the derivatives of both egg albumin and £-lactoglobulin. Thus it | 
appeared that the original protein thiol groups had been transformed into 


thio ethers. 

Acid and Total Basic Groups—While the apparent changes in solubility, 
isoelectric point, and electrophoretic behavior of the treated proteins 
strongly suggested that the carboxyl groups had been esterified, further 
proof and in particular a quantitative measure of this reaction had as yet 
to be found. Titration curves were determined repeatedly, but, owing to 
the extended range of insolubility of the modified proteins, these curves | 
were necessarily of only limited significance. | 

The finding of Chapman, Greenberg, and Schmidt (10, 11) that acid | 
and basic dyes combined stoichiometrically with basic and acid protein 
groups supplied a convenient tool for the estimation of these groups. An 


application of this finding to a procedure suitable for routine analysis is | 


described in the following paper. With this method the number of 
acid groups of proteins was found markedly decreased by treatment with 
epoxides, indicating the esterification of 45 to 78 per cent of the original 
carboxyl groups. Treatment for several days in alkaline or urea solution | 
(Methods 3 and 4) led to the disappearance of a slightly larger proportion 
of the carboxyl groups than treatment in neutral solution (Method 1); the 
acid medium (Method 2) was least favorable for esterification. Ethylene 
oxide was about as effective as propylene oxide in decreasing protein 
carboxyl groups. 

‘ This curve was not a straight line, in contrast to that for free tyrosine from 0.15 


to 0.5 mg. 
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Determinations by dye methods of the total basic groups of various 
propylene oxide-treated protein preparations yielded results which were 
similar to or higher than those obtained with the untreated proteins 
(Table I).5 Thus conversion of the primary amino groups to secondary 
and possibly tertiary isopropanol amines did not affect their basic nature 
sufficiently to prevent them from combining with an acid dye at pH 2.2. 

Elementary Analyses of Derivatives—In view of the finding that epoxides 
reacted with a great number of protein groups, it was thought that the 
consequent depression in the nitrogen content of the protein derivatives 
might represent a quantitative measure of the over-all extent of inter- 
action. For this purpose electrodialyzed samples were analyzed by the Kjel- 
dahl method. The nitrogen content of untreated egg albumin was found 
to be 15.0 per cent. That of treated preparations ranged down to 13.4 
per cent (Table I).6 These data indicated that the amount of epoxides 
combined with egg albumin represented as much as 9 per cent of the weight 
of the derivative. From this it can be calculated that 80 moles of propylene 
oxide may be bound by 1 mole of egg albumin, which corresponds to the 
number of protein groups found blocked by analyses, namely four-fifths 
of the carboxyl and phenolic groups (forty-one and eight respectively) 
and all of the amino and sulfhydryl groups (twenty-two and seven respec- 
tively).’? It must be recognized, however, that these calculations are neces- 
sarily only approximations, since 1 or 2 moles of the reagent may combine 
with the primary amino groups of proteins. The former was assumed in 
the present calcu.ations. 

The nitrogen content of 8-lactoglobulin® was depressed from 15.0 to 12.7 
per cent through propylene oxide treatment. This corresponded to the 
introduction of 120 moles of propylene oxide into each mole of protein. 
However, the number of moles accounted for by protein group analyses 
was only 84.’ 


‘The apparent increases in the basic groups of proteins upon esterification are 
not yet understood. 

* Determined after drying at 105° for 16 hours. When the moisture was deter- 
mined separately and correction applied, the nitrogen content of the untreated egg 
albumin was 15.75 per cent. The apparent discrepancy appears to be due to the hy- 
groscopicity of the material as recently emphasized by Chibnall, Rees, and Williams 
(17). Although the samples analyzed by the routine method were probably not dry, 
they have been regarded as containing similar moisture contents, since epoxide 
treatment does not affect the hydrophilic nature of proteins (see foot-note 1). 

7 These calcula<ions are based on recent estimates of the mclecular weights and of 
the number of carboxy! groups per mole for egg albumin and 8-lactoglobulin, as sum- 
marized by Cohn and Edsall (3) (mol. wt. 45,000, with 51 carboxyl (including phos- 
phorie acid) groups for egg albumin; mol. wt. 40,000, with 58 carboxyl groups for 
8-lactoglobulin). Data for the amino groups, tyrosine and cysteine, of egg albumin 
were taken from the same source. The corresponding values for 8-lactoglobulin 
are those of Brand and Kassell.(18). 
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The results of analyses for the chlorine content of epichlorohydrin- 
treated proteins which had not been electrodialyzed could be similarly 
interpreted. Electrodialyzed samples, however, contained considerably 
less chlorine than would be expected from their nitrogen content. It ap- 
peared probable that this procedure may have caused a loss through 
hydrolysis of part of the chlorine. The chlorine was also found to be 
removed readily by alkali. 

Stability of Protein-Epoxide Bonds toward Acid and Alkali—It appeared 
of importance to ascertain the lability of the newly formed bonds toward 
acid or alkali, particularly in view of the fact that most protein group 
analyses were performed on samples that had been dissolved by means of 
acid or alkali or both. For this purpose various samples of propylene 
oxide-treated egg albumin were dissolved in 0.01 or 0.025 n hydrochlorie 
acid or sodium hydroxide,* at protein concentrations of 0.75 and 1.875 per 
cent respectively. The solutions had pH values of 2.4 and 11.5. The 
numbers of free tyrosine, thiol, amino, and carboxyl groups were determined 
immediately and again after 1 or 2 days incubation at 40°. 

Comparison of these values indicated in general little change.’ A slight 
hydrolysis of esterified carboxylic esters seemed to occur in about half of 
the experiments, but the changes were of the same order as the error of the 
method used (10 per cent). An increase of the free phenolic groups was 
observed only in one out of seven experiments. The primary amino groups 
were found to be partly regenerated in alkali, but never in acid. This 
alkali lability of some isopropanol-amino linkages also became evident 
upon comparing the amino nitrogen content of acid-dissolved with that of 
the directly alkali-dissolved protein derivatives; the latter value was con- 
sistently higher than the former (about 15 versus 5 per cent of the amino 
nitrogen of untreated egg albumin). A similar, though inverse, ‘relation- 








ship seemed to hold for a small fraction of the carboxyl groups; these | 


appeared to be released immediately upon solution in acid (at pH 24 
to 3.0). This could be demonstrated with protein samples that had been 
treated with propylene oxide in alkaline solution (Method 3) and could 
thus be dissolved directly in alkali. It was also indicated by comparing 
the free acid groups of a preparation obtained by Method 4, when dissolved 
in the minimum amount of acid (1.67 ml. of 0.1 N HCl per gm. of protein, 
pH 5.5) and when dissolved in the usual amount (13.3 ml. of HCI, pH 2.4). 
In these experiments about 10 per cent more free carboxyl groups was 
found in the samples exposed to pH 2.4 than in those dissolved at pH 
5.5 or 11. 

*Samples not directly soluble in alkali were first dissolved in acid, and then 
treated with the necessary amount of alkali, added rapidly. 

* The thio ether bonds of epoxide-treated proteins thus differ in their stability 
from the previously described thioacyl bonds (19). 
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SUMMARY 


Epoxides, such as ethylene oxide, propylene oxide, and epichlorohydrin, 
were found to be suitable reagents for the esterification of protein carboxyl 
groups in aqueous solution at room temperature. 

Through treatment of crystalline egg albumin and 8-lactoglobulin with 
these compounds, preparations of modified protein were obtained which 
differed from the original material in that: 

1. The derived proteins showed isoelectric points which had been shifted 
as much as 3 pH units toward the alkaline side. 

2. They were insoluble in the isoelectric region, both in distilled water 
and in salt solutions. 

3. They were more soluble on the acid side than on the alkaline side 
of the isoelectric point. 

4. They contained considerably, fewer free carboxyl, phenolic, primary 
amino, and sulfhydryl groups than the untreated proteins. The decreases 
of these various types of groups varied greatly, but in a predictable manner, 
depending upon the conditions of treatment. 

5. Their nitrogen contents depended upon the type and length of treat- 
ment. The lowest values observed with the two proteins were 13.4 and 
12.7 per cent of nitrogen, which indicated the introduction of approximately 
80 and 120 moles of reagent per mole of egg albumin and £6-lactoglobulin, 
respectively. In the case of egg albumin, the calculated figure agreed 
with that to be anticipated from the number of substituted groups as found 
by the various analyses. With 6-lactoglobulin the number of reagent 
residues accounted for by group analyses was lower than that indicated by 
nitrogen analysis. 

The only property of the proteins which was not appreciably affected 
by the treatment was the number of their total basic groups. Thus any 
difference in the basic character of the original amino groups and of the 
newly formed imines did not reveal itself under the conditions of the test. 

In general, the newly introduced bonds were surprisingly stable in acid 
and alkaline solution with the exception of small proportions of the substi- 
tuted carboxyl and amino groups which were hydrolyzed readily in acid 


and alkali, respectively. 


The author is greatly indebted to H. 8. Olcott of this Laboratory for 
valuable suggestions and criticism. The technical assistance of Mitzi 
Cooper is gratefully acknowledged. 


Addendum—Treatment of a solution of egg albumin with propylene oxide at 95° 
(in a sealed tube) for 8 hours yielded one-half of the protein as a water-soluble 
derivative containing twice as many isopropanol residues as could maximally be 
introduced at room temperature. A considerable decrease in the total number 
of basic groups was observed, besides the usual loss of carboxyl and phenolic 
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groups, which suggested the possibility that these groups might have become com- 
pletely substituted under such conditions. The effects of epoxide treatment at 
elevated temperature will be further investigated. 
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THE USE OF DYES FOR THE DETERMINATION OF ACID AND 
BASIC GROUPS IN PROTEINS 


By HEINZ FRAENKEL-CONRAT anv MITZI COOPER 
(From the Western Regional Research Laboratory,* Albany, California) 


(Received for publication, March 4, 1944) 


Only a few methods are available for the determination of acid and basic 
groups of proteins. Titration curves have been most generally used for 
this purpose. Their application is restricted, however, to proteins which 
are either soluble over a wide pH range (1, 2) or completely insoluble 
(3, 4); in addition, considerable amounts of material are needed. The 
usefulness of titration curves is also limited by difficulties of interpretation. 
Metaphosphoric acid has recently been suggested as a reagent for the 
determination of basic protein groups with which it combines stoichio- 
metrically in acid solution (5). 

Acid and basic dyes are known to combine with protein groups of oppo- 
site ionic charge. The pioneer work of Loeb (6) was carried further by 
Chapman, Greenberg, and Schmidt (7-9) who measured the amounts of 
acid and basic dyes bound by proteins at various pH values and correlated 
their findings with those of titration studies. The present paper reports 
analytical methods for the determination of the total acid and basic groups 
of proteins based upon this ability to combine with dyes in buffered alkaline 
or acid solutions. The technique is rapid and simple and is applicable to 
both soluble and insoluble proteins; it is based on the photoelectric deter- 
mination of the uncombined dye and therefore can be carried out with 
protein samples as small as the accuracy of weighing permits. 


EXPERIMENTAL 


Reagents 

Dye solutions; 0.1 per cent orange G (Colefnan and Bell) and 0.2 per 
cent safranine O (National Aniline) in water. 

The orange G, while labeled as of 78 per cent dye content, was found to 
be of constant chromogenic value and nitrogen and sulfur content after 
fractionation and recrystallization. Air-dried samples of both dyes con- 
tained approximately 10 per cent of water. Standard solutions were pre- 
pared from material dried to constant weight at 70° regardless of the “dye 
content”’ indicated on the labels. 


* This is one of four regional research laboratories operated by the Bureau of 
Agricultural and Industrial Chemistry, Agricultural Research Administration, 
United States Department of Agriculture. 
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Buffers; pH 2.2, 980 ml. of 0.1 M citric acid and 20 ml. of 0.2 m disodium 
phosphate (10). pH 11.5, 250 ml. of 0.2 m disodium phosphate and 200 ml. 
of 0.1 N sodium hydroxide, water to 1000 ml. (11). 

Determination of Orange G Bound by Proteins (Basic Groups)—To each of 
four 15 ml. test-tubes, suitable for use in an angle head centrifuge, are 
added 5 mg. of the protein, 1 ml. of pH 2.2 buffer, increasing amounts 
(1, 2, 3, or 4 ml.) of 0.1 per cent orange G, and two glass beads. If the 
protein dissolves in the buffer, it will be reprecipitated by the dye. The 
suspensions are shaken mechanically for 20 to 24 hours. They are then 
centrifuged, and aliquots of the supernatant solutions are diluted 100-fold. 
The color intensities are determined by means of a photoelectric colorimeter 
(Klett-Summerson), with a blue filter (Corning No. 038 + Pyrex No. 554). 
The dye concentration is read from a standard curve prepared from data 
obtained with appropriate dilutions of the orange G stock solution. This 
curve is a straight line in the range of 0.5 to 10 mg. of dye per liter. The 
readings are not affected by the presence of the acid buffer. 

The dye bound by the protein is determined by subtracting the excess 
found in the supernatant from the amount added. Saturation of the 
protein with dye is indicated when no more dye is bound by the samples 
to which greater amounts of dye are added. For routine analyses a series 
of three samples is regarded as sufficient if the results agree within 10 per 
cent. If greater exactness is desired (as in all determinations listed in 
Tables I and II), six to twelve samples are prepared. More dye is used if a 
definite trend in the first series indicates that saturation has not been 
reached. The average of all values for the maximal amount of dye bound, 
in mg., multiplied by a conversion factor of 8.85' yields the results in terms 
of acid equivalents of dye bound per gm. of protein X 10*.2 

An alternate technique applicable to proteins soluble at pH 2.2 permits 
the analysis of only about 1.5 mg. of protein. For example, | ml. of a 0.75 
per cent solution (in distilled water, dilute salt solution, or 0.01 nN hydro- 
chlorie acid) is diluted with 1.5 ml. of the pH 2.2 buffer and four 0.5 ml. 
aliquots of this mixture are*treated with 0.5 to 2.0 ml. portions of dye solu- 
tion. The resulting precipitate is centrifuged off the following day and 
the supernatant treated as described above. 

Determination of Safranine Bound by Proteins (Acid Groups)—The pro- 
cedure is the same as that for the basic groups except for the use of the 

1 The factor represents the valence of the dye (2), K 10, divided by the molecular 
weight of the dye (452) X the amount of protein used (0.005 gm.). The empirical 
formula of orange G is CigHyoN2eO(SO;).> Natt. 

? Analyses on proteins containing few basic or acid groups are necessarily inexact 
(+10 per cent) since they are derived from the differences between large figures. 
With proteins of typical composition, the averages of three or four samples can 
generally be reproduced within 5 per cent. 
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pH 11.5 buffer and the 0.2 per cent safranine solution. After 24 hours 
of shaking and subsequent centrifugation, the solutions are diluted 100- or 
200-fold and read with the same blue filter used for orange G. The stand- 
ard curve is a straight line for 0 to 10 mg. of dye per liter. The factor 
for calculating the results in terms of moles (= base equivalents) of dye 
bound per gm. of protein X 10‘ is 5.62.4 Saturation of the protein with 
dye is again indicated by the lack of a progressive trend in the amounts of 
dye bound by samples treated with increasing amounts of dye solution. 
The results of at least three samples, agreeing within 10 per cent, are 
averaged.” 

Of proteins soluble at pH 11.5, samples of only 1.5 mg. are needed, with 
a technique corresponding to that described above. 

Effect of Variations in Experimental Conditions on Amounts of Dye 
Bound by Proteins. pH—For purposes of convenience and practicability, 
the protein-dye combination was carried out in buffered solutions, thus 
circumventing the need for pH measurements and adjustments. Buffers 
of pH 2.2 and 11.5 were selected because the work of Chapman, Greenberg, 
and Schmidt (7-9) had indicated that complete dissociation of protein 
groups in the presence of dyes was approached at these points. It did not 
seem advisable to use more strongly acid or alkaline buffers, since the ad- 
vantages of more complete dissociation of protein groups might be over- 
shadowed by the disadvantages of protein breakdown. Thus proteins 
treated with safranine at pH 12.0 bound considerably larger amounts of 
dye which increased with the excess added. This phenomenon which 
may be due to protein breakdown or to physical adsorption of the dye under 
these more extreme conditions was not further investigated.‘ 

Concentralion—When proteins were treated with an excess of orange G, 
the amount bound was independent of protein or dye concentration within 
the limits used (0.06 to 0.2 per cent protein and 0.05 to 0.1 per cent dye). 
Of safranine, slightly smaller amounts were bound at lower than at higher 
concentrations; thus the values obtained with solutions of 0.06 to 0.12 per 
cent protein concentration were 5 to 10 per cent lower than those obtained 
with 0.1 to 0.2 per cent protein concentration (dye concentration 0.12 to 
0.16 per cent in both series). 

When less than equivalent amounts of the dyes were added to dissolved 


* Safranine O is a mixture of homologous monoacid bases; the molecular weights 
of the two main constituents, (Cy HiN,)*Cl~ and (Cy H:N,)*Cl-, are 350.5 and 364.5. 
Calculations were based on a value of 355. 

‘ Studies are in progress aiming at differential determination of the most strongly 
basic and acid groups by equilibrating proteins with the dyes in buffers less acid or 
basic than pH 2.2 or 11.5. A method for the determination of the approximate 
isoelectric point of insoluble proteins through measurement of the dyes bound at 
various pH levels will be described elsewhere. 
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proteins, the resulting protein-dye complexes were not completely pre- 
cipitated. This resulted, paradoxically, in higher colorimetric readings in 
the soluble phase than when sufficient dye for saturation of the protein 
was added. This finding confirmed similar observations of Rawlins and 
Schmidt (9). 

Time, Shaking, State of Protein—For routine analyses, a 20 hour period 
was found practical. That equilibration was completed during that time 
was indicated by the fact that no greater amounts of dye were bound by 
proteins after 48 hours of interaction.’ A shorter period may be sufficient 
for many purposes, since egg albumin was found to bind within 10 minutes 
90 and 86 per cent of the maximal amounts of orange G and safranine, 
respectively. 

Efficient shaking was essential for equilibration when protein samples 
were treated in test-tubes with more than 2 ml. of dye solution. 

The state of dispersion of the protein did not greatly affect its capacity 
for the dyes. Thus insoluble proteins (keratins) of 60 to 80 mesh particle 
size bound only 10 to 20 per cent less dye than material which passed a 
200 mesh screen. Also proteins which were insoluble in neutral solution 
but soluble in the buffers used bound the same amount of dye when dis- 
solved in the buffer before addition of the dye as when solution was pre- 
vented by adding the dye before the buffer. 

To investigate any possible effect due to incipient denaturation by the 
acid or alkaline buffer, samples of egg albumin were denatured by heating 
for 5 minutes to 70° at pH 2.5 or 11.7, and were subsequently analyzed for 
their dye-binding capacity. This was found to be unaffected by such 
treatment. That the heat treatment, but not the pH alone, led to appre- 
ciable denaturation was evident upon neutralization of aliquot samples. 

Significance of Dye-Binding Capacity of Proteins—The amounts of the 
two dyes bound by proteins, expressed in terms of acid and base equivalents, 
have been regarded as indicative of the number of basic and acid protein 
groups dissociated under the conditions of the test at pH 2.2and 11.5. To 
ascertain which types of groups were thus determined, several proteins 
were analyzed. Two of these, egg albumin and §-lactoglobulin, can be 
regarded as approximately pure proteins, inasmuch as the preparations 
had been repeatedly recrystallized and had been electrodialyzed. Lyso- 
zyme and insulin were crystalline preparations not electrodialyzed.6 The 
others were commercial protein samples. 


* Wool, in contrast to other proteins studied including keratins and silk fibroin, 
did not reach an equilibrium with the dye solution within 20 to 24 hours. 

* The preparations of crystalline egg albumin, 8-lactoglobulin, and lysozyme were 
kindly placed at our disposal by Dr. F. E. Lindquist, Dr. E. F. Jansen, and Dr. H. L. 
Fevold, respectively ; crystalline zinc insulin was supplied by Eli Lilly and Company. 
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A comparison of the number of basic groups which bind orange G with 
that number as determined by the methods of the literature (1, 2, 5, 12, 13) 
is summarized in Table I. The good agreement between corresponding 
values for the well characterized proteins may be regarded as evidence for 
the reliability of the proposed method. The approximate proportionality 
of results obtained with the crude proteins contributes additional support. 
It is concluded from these data that the number of basic groups binding 
orange G at pH 2.2 represents the sum of the guanidyl, imidazole, and amino 
(a- and e-) groups of proteins. 


TaBie I 
Comparison of Basic Groups of Proteins As Determined by Various Methods 





Basic residues per gm. protein X 10 























Protein® . : | Metaphosphoric : 
Vlapacttyt | 121213) | Seibbinding | jachation (ta, 13) 

Egg albumin.... 8.8t | 8.0- 8.7 | 7.8- 8.0 9.0 
8-Lactoglobulin 1.68 | tS | 11.5 
Casein......... 6.8 | 7.6-9.0 | | 8.0-0.48 
SL. ccntusveree reiwe | | | 18.18 
SE ckescvissenses | 60 | 899.6 | 10.7§ 
eS r' 43¢ | °84 4.48 
—....... gee Pomme | 10.3-11.0 9.5 
Lysozyme.............| n. st | 11.7-12.8 12.2 
GT | 1.8 2.1 | 1.5 





* Egg albumin and §-lactoglobulin were electrodialyzed; all proteins were cor- 
rected for moisture content. Casein, gelatin, gliadin, and zein were commercial 
preparations. Two casein preparations gave identical values. See foot-note 6 
concerning the other proteins. 

t Moles of orange G bound at pH 2.2, X2. 

t These analyses represent averages of data obtained with 5 and 1.5 mg. protein 
samples, with protein concentrations ranging from 0.1 to 0.2 and from 0.06 to 0.15 
per cent, respectively. Results of the two techniques agreed within 5 per cent. 

§ Determined by nitrogen distribution. 


A similar comparison of the groups binding safranine at pH 11.5 with 
the carboxyl and with the total acid (t.e. carboxyl + phenol + thiol) 
groups of several proteins is listed in Table II. The literature values given 
for most proteins must be regarded as rough approximations, inasmuch as 
they were calculated from incompletely confirmed determinations, by isola- 
tion, titration, and colorimetry, of the content of dicarboxylic amino acids, 
tyrosine, cysteine, and amide nitrogen. Only the data for egg albumin 
and 8-lactoglobulin appear reliable, since they were obtained by recent 
improvements in analytical methods (14), supported by titration data 
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(1, 2). These two proteins showed a capacity to bind safranine in an 
amount which corresponded to their total acid groups, a finding which was 
supported by the data on most of the other proteins studied. It thus 
appears that the number of acid groups binding safranine O at pH 11.5 
comprises the sum of the carboxyl, phenol, and thiol groups of proteins.’ 

Uses and Applications—The described micromethods for the routine 
determination of acid and basic protein groups were developed primarily 
for use in studies of protein derivatives. A considerable number of deriva- 
tives (of keratins, gluten, egg albumin, 8-lactoglobulin, casein, etc.) has 
recently been prepared in this Laboratory by treatment with epoxides, 


TaBLe II 


Comparison of Total Acid and Carbozryl Groups of Proteins with Their Capacity 
to Bind Safranine 


Protein* Dye boundt Total acid groupst | Carboxyl groups} 
Egg albumin 13.5§ 13.8 10.4 
8-Lactoglobulin 17 .6§ 17.5 14.5 
Casein 19.4 16 13 
Gelatin 12.7 10 10 
Gliadin 5.5 7 5 
Insulin. 17.5 13 6 
Zein 5.5 6 3 


* See the corresponding foot-note to Table I. 

t Moles of safranine O bound at pH 11.5 by 10‘ gm. of protein (range of protein 
concentrations, 0.1 to 0.2 per cent). 

t Of 10* gm. of protein; calculated from analyses for glutamic and aspartic acids, 
amide N, tyrosine, and cysteine as summarized by Cohn and Edsall (12), Chibnall 
et al. (14), and Brand and Kassell (15), and as amended for glutamic acid of insulin, 
gelatin, and gliadin by Olcott (16). The unknown number of terminal carboxy! 
groups of the polypeptide chains was disregarded. 

§ In more dilute solution (protein concentrations 0.06 to 0.15 per cent), 12.4 and 
16.5 moles of dye were bound by egg albumin and §-lactoglobulin, respectively. 


aromatic isocyanates, anhydrides, aldehydes, nitrous acid, and combina- 
tions of these reagents. Epoxides were found to combine with both the 
acid and the primary amino groups of proteins (17). The esterification 
was demonstrated by the decreases in the number of acid groups of the 


? Before suitable conditions for the determination of total acid groups had been 
recognized, a relative measure of the acidity of various proteins and derivatives was 
obtained from their tendency to bind dyes when the amounts added were less than 
those needed for saturation. For these studies both safranine and methylene blue 
were used. The amounts of these dyes most readily bound yielded comparative data 
on the acidity of proteins and derivatives which have since been confirmed by 
determinations of their total acid groups. 
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derivatives, as estimated by dye methods, particularly with those of sub- 
maximal combination which are believed to measure primarily the carboxyl 
groups.’ On the other hand, the introduction of alkoxy residues in the 
amino groups did not remove their basic nature. Actually a slight increase 
in the basic groups was found in many epoxide-treated proteins, a phe- 
nomenon which is not yet understood. 

Intensive treatment of certain proteins with phenyl isocyanate led to 
introduction of the reagent to the extent of up to 30 per cent (by weight) 
of the protein. Dye methods have now yielded information which may 
contribute to an accounting for this extent of interaction. A few typical 
results obtained with cattle hoof powder and rennet casein are listed in 











Taste III 
Effects of Various Reagents on Basic and Acid Groups of Proteins 
Protein and treatment* oF Pe Ra 
Hoof powder, more than 200 mesh, untreated.......... 8.8 10.4 
- “ 40-60 mesh, untreated.................. 8.0 8.0 
Pheny! isocyanatef....... SO ahS ta Fe Ed es ch 0.0 2.1 
Phthalic anhydride. . 3.6 13.3 
Propylene oxide.... son ota eke 9.2 8.7 
Same, followed by phenyl isocyanate................ | 0.0 1.7 
Formaldehyde...... , Ve ae et ee 11.2 
TI 600s b a ix whee wie an 3.8 13.0 
Casein, untreated Py Pk eer NE Ty: Y 6.8 20.3 
Pheny! isocyanate......... ifehd Uta U VE Rates «e's 0.0 4.0 
ICS CURED: . »acenep osanccpcabe dds eee 6.4 7.2 


* See foot-note 8 for the methods of preparation and treatment. 

+ Per gm. of protein X 10*. Determinations based on the capacity to bind orange 
G and safranine O at pH 2.2 and 11.5, respectively. 

t All hoof derivatives were powders which passed a 200 mesh screen. 


Table III. Treatment with phenyl isocyanate was found to cause a loss of 
almost all basic groups and of a considerable proportion of the acid groups 
of the proteins. On the other hand, phthalic anhydride was found to react 
only with part of the basic groups. In contrast to phenyl isocyanate, 
phthalic anhydride increased the number of acid groups, as would be 
expected from introduction of phthalic acid residues. With both reagents 
the observed decrease in the basic groups corresponded to the loss in amino 
nitrogen. The increase in the acid groups of the deaminated protein may 
have been due to nitration of the phenol residues. Treatment with formal- 
dehyde caused only minor changes in both acid and basic groups. This is 


§ Fraenkel-Conrat, H., and Olcott, H. S., in preparation for press. 
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in contrast to a marked decrease in the primary amino nitrogen, indicating 
that the N-methylol or N-methylene groups resulting from the interaction 
of amino groups with aldehydes retain sufficient basicity to bind orange G 
at pH 2.2. 

SUMMARY 


Microanalytical methods were developed for the estimation of the number 
of acid and basic groups of proteins. These were based on the tendency of 
the polar groups to bind dyes of the opposite charge, resulting in a precipi- 
tation of the protein-dye complex. The acid dye, orange G, combined 
stoichiometrically with basic protein groups in a buffer of pH 2.2. The 
basic dye, safranine O, reacted with acid groups at pH 11.5, but the extent 





of combination was in this case slightly affected by other factors, such as | 


protein concentration. 


The number of protein groups binding these dyes corresponded well to | 


the total number of basic (guanidyl, imidazole, amino) and acid (carboxyl, 
phenol, thiol) groups of crystalline egg albumin and 8-lactoglobulin and, 
approximately, to those of several crude proteins studied. 

The proposed micromethods were applicable to both soluble and insoluble 
proteins. They have proved useful tools in the interpretation of the action 
of various chemical agents on proteins. 


The valuable suggestions and criticisms of H.S. Olcott of this Laboratory 
are gratefully acknowledged. 
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ASYNTHESIS OF METHIONINE CONTAINING ISOTOPIC 
CARBON AND SULFUR* 


By GLEN W. KILMER anv VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, March 30, 1944) 


Methionine containing excess quantities of the stable isotopes S* and 
C® (in the 8 and y positions) was desired for certain tracer experiments on 
the relation of methionine to cystine. The isotopic carbon and sulfur were 
initially in the form of NaCN and Na,SQ; (1, 2) containing various amounts 
of C® and S* respectively... The compounds and reactions involved in the 
synthesis are shown in Diagram 1. 

The preparation of methionine from benzyl mercaptan and ethylene 
chloride or bromide had been worked out by Patterson and du Vigneaud 
(3, 4) and modified for use with S* by Tarver and Schmidt (5). With 
the exception of the first step, which involves condensation of sodium 
benzyl mercaptide with 5 to 10 moles of ethylene chloride or bromide to 
form benzyl 8-chloroethy] sulfide (III), these procedures give good yields, 
and are well suited to use with valuable isotopic materials. On the com- 
paratively small scale of operation (10 gm.) used in the present work, 
direct recovery of isotopic ethylene halide, to which resort was made in the 
synthesis of methionine-@ ,y-d- (4), did not seem practical. Consequently, 
a device (illustrated in Fig. 1) for continuous circulation of ethylene chloride 
was used. Unchanged ethylene chloride was constantly kept in excess 
in the reaction cup (@) to which isotopic benzyl mercaptide in propyl 
alcohol was slowly added. By use of equivalent quantities of benzyl 
mercaptan-S* and ethylene chloride-C™ (II) a yield of 58 per cent of 
reasonably pure benzyl §-chloroethyl sulfide (III) was obtained. 

Ethylene chloride was prepared from the heavy sodium cyanide, by 
modification of the standard reactions outlined in Diagram 1, in over-all 
yield of about 46 per cent. Methylation of cyanide with dimethyl sulfate 
(6) instead of methyl iodide was found unsatisfactory. Ethylene, gener- 
ated by pyrolysis of the quaternary ammonium base (1), was collected at 
low temperature in liquid chlorine diluted with methylene chloride. 

The preparation of benzyl mercaptan-S* is also illustrated in Diagram 
1. After oxidation of the sulfite to sulfate, use was made of the St. Lorant 

* The experimental work in this paper was carried out during the period of 1940-41. 
The presentation of the work has been unavoidably delayed. 


1 We wish to express our appreciation to Professor H. C. Urey of Columbia Uni- 
versity from whom we obtained the isotopic carbon and sulfur samples. 
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reagent (5, 7) to produce H,S*, which was collected in acid iodine solution 
as free S* in almost quantitative yield. Treatment of excess benzylmag- 
nesium chloride with this sulfur gave isotopic benzyl mercaptan in ap- 
proximately 88 per cent yield. 

Tarver and Schmidt (5) have prepared radioactive benzyl mercaptan 
in 70 per cent yield by the action of benzyl chloride on potassium bisulfide, 
Since our work was completed, Seligman, Rutenburg, and Banks (8) have 











‘HI H, 
NaC®N Ch. CH,C¥N — wn, YF 
Raney’s nickel 
b CHI 
(2) Ag.O 
NaOH + 
CH.—C"H,  « - CH, C"H,N(CH,); (OH)- 
A 
(D 
Ch 
H.O. 
! | Na. S*O; 10: _, Na,S**O, 
CH,C1C¥H,CI , 
St. 5? 
(ID t. Lorant’s 
| reagent 
_ C,H; CH.S"“H _CeHs CH.MgC! 4g I, H.S* 
4 (HCl) 
C,H; CH.S"C*®H.C#H,Cl — > C,H; CH.S"*C“H, CH, C(CO.C2Hs)s 
mn 
(IID) (IV) | N(CO): CoH, 
| (1) NaOH 
| (2) HCl 
Liquid NH 
CH.S"C“H, C¥H.CHCO.H —2U°*"*— ©,H,CH.S“C"H, C¥H, CHCO,H 
(1) Na | 
NH, (2) CH,I NH, 
(VD (V) 


D1aGRAM 1. Compounds and reactions involved in synthesis of methionine. Com- 
pound III was of course in reality a mixture of equal quantities of CsH;CH,S* 
CH, C"H.Cl and C,H;CH.S*C"H,CH,Cl. The same holds for Compounds IV, V, 


and VI. 








reported the use of radioactive elemental sulfur and benzylmagnesium 


chloride with a result similar to ours. 
EXPERIMENTAL 


Isotopic methionine, CH;S“C"H,C"H,CHNH,COOH, was_ prepared 
from NaC™N and Na.S*O; of various isotope concentrations by a com- 


bination of the following procedures. 
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Sulfur—15.0 gm. of Na2SO, were placed in a 1 liter Claisen flask suitably 
altered to accommodate the absorption flasks which will be described sub- 
sequently. A solution of 16.5 ce. of concentrated ammonia in 200 cc. of 
water was added to the flask. To the cooled solution were added, during 
5 minutes, 25 cc. of 30 per cent hydrogen peroxide. After 20 minutes the 
solution was evaporated in vacuo on a water bath. 

The solid was rinsed down from the walls of the flask with a few cc. of 
water and, after attachment of the absorption train, 25.1 gm. of red phos- 
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Fie. 1. Apparatus for condensation of CsH;CH,S*H with C™¥H,CICH,Cl. A 
represents the bulb in which is placed the ethylene chloride; B, a vent; C, the con- 
denser; D, the dropping funnel; Z£, a pinch-clamp; F, a mechanical stirrer; G, a cup 
that receives material from the condenser; H, a pinch-clamp. 


phorus and a mixture of 167 ce. of colorless 57 per cent HI and 125 ec. of 
anhydrous formic acid were added (7). The H2S was absorbed in a trap 
cooled in ice and containing 234 cc. of 1 N iodine in potassium iodide and 
19.5 cc. of concentrated HCl. This trap was followed by three auxiliary 
traps containing smaller amounts of the iodine-HC! solution. 

The flask containing the sulfate and reducing mixture was heated in an 
oil bath to 90° with a slow stream of nitrogen passing through the apparatus; 
after 1 hour at this temperature the bath was heated during successive 
hours to 110—115° and to 140—150°, where the temperature was maintained 
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for 1 hour. After this treatment a negative test for sulfide in the vapor 
over the reducing mixture was obtained. 


The contents of the scrubbers were combined, cooled in ice, and stannous | 


chloride (40 per cent in 1 Nn HCl) was added gradually with stirring until 
all the iodine color disappeared. The gummy sulfur was separated and 
washed as free as possible from liquors. After being dried overnight in 
vacuo, the brittle product was ground with dilute acidified stannous chloride 
solution, with dilute HCI, and finally with water. The dried powder (95.5 
per cent 8 by analysis) weighed 3.91 gm.; this represents 99 per cent of the 
theoretical yield from Na,SQs. 

Benzyl Mercaptan—3.8 gm. of sulfur (95.5 per cent) were added during 
45 minutes to a well stirred benzylmagnesium chloride solution prepared 
from 8 gm. of magnesium, 34.3 cc. of benzyl chloride, and 160 ce. of ether. 
The reaction flask was cooled in ice and the orifice flushed with a constant 
stream of pure nitrogen. After addition of the sulfur, the pasty mixture 
was stirred 1 hour at room temperature, 100 cc. of dry benzene were added, 
and the stirring was continued for an hour longer at ordinary temperature 
and then for 2 hours at 50-60° under a reflux. 

The material was cooled in an ice-salt bath and hydrolyzed by slow addi- 
tion of 15 per cent HCl. After separation of the layers and extraction 
of the aqueous phase with benzene, the combined organic layers were dis- 
tilled. Traces of sulfide evolved were absorbed in alkali. Distillation of 
the residue at 18 to 20 mm. yielded at 85-87° 12.5 gm., or 88 per cent of 
the theoretical yield, of benzyl mercaptan. 

Ethylamine—11.3 gm. of sodium cyanide (96 per cent) were dissolved in 
17 ec. of water, 36.3 gm. of methyl iodide were added, and the mixture was 
shaken for 24 hours (9). After overnight storage in a refrigerator, a little 
water was added to dissolve a small precipitate and the material was dis- 
tilled very slowly. The fraction from 76—100° (13.8 gm.) was rinsed into a 
hydrogenation bottle containing 10 gm. of Raney’s nickel paste, and was 
diluted to 75 cc. (10). Approximately the theoretical amount of hydrogen 
had been absorbed after 4 hours of shaking. The ice-cold solution was 
filtered and the nickel washed very thoroughly with water and 5 n NaOH 





| 








(total of ten washings). Preparation of N-ethyl-p-bromobenzenesulfon- | 


amide on a small aliquot indicated a yield of approximately 70 per cent 
from NaCN. 

Ethylene Chloride—11 gm. of ethylamine in about 10 per cent aqueous 
solution were placed in a 1 liter 3-necked flask bearing a stirrer, efficient 
condenser, and dropping funnel. The solution was cooled in ice and 23.6 
gm. of NaOH were added in portions (11). After removal of the ice bath 
65 ec. of methyl iodide were added in portions of 3 to 5 cc., at approximately 
the rate at which the iodide was consumed. An ice bath was applied occa- 
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sionally to prevent more than a gentle reflux. Methyl iodide collected in 
the reaction flask toward the end and a little more NaOH had to be added 
to keep the mixture alkaline. The material was stirred for 1 hour at room 
temperature and then refluxed and stirred for 2 hours. At the end of this 
time, the excess methy] iodide was distilled. The Ag,O freshly prepared 
from 220 gm. of AgNO; was slowly added to the solution which was shaken 
and cooled. After filtration, the AgI was washed four times by suspension 
in distilled water. The combined filtrates were concentrated at 70° and 
15 mm. to 200 cc. 

The concentrated solution was filtered into a 250 cc. distilling flask 
sealed to a down distillation condenser and two receivers in series, cooled in 
ice, and so arranged that the evolved gas bubbled through an excess of 6 N 
H.SO,. To the second receiver were sealed in series four bubble traps 
which were cooled in a dry ice-trichloroethylene bath. The first served to 
condense moisture and the other three each contained 7 ec. of methylene 
chloride and 7 cc. of dry chlorine for absorption of the ethylene (12). The 
vent on the last trap was connected to a CaCl, tube and a bubble counter. 
The system was all-glass and arranged to permit nitrogen to sweep through, 
the slightly elevated internal pressure being indicated by a mercury U-tube. 
At a bath temperature of 130-140°, the water was distilled from the solu- 
tion in the distilling flask into the acid in the receivers. After 4 hours at 
140—150°, at which temperature most of the ethylene was evolved, the bath 
was raised gradually to 210° and finally to 250° for a few minutes. Back 
titration of the sulfuric acid indicated that nearly the theoretical amount 
of the base had been evolved. The chlorine traps were unsealed and the 
chlorine was allowed to evaporate at room temperature. The residual 
materials were combined, cooled in ice, and one-half saturated NaHSO; 
solution was added with shaking until the chlorine color disappeared. After 
the solution was dried over MgSO, and filtered, the methylene chloride was 
distilled very slowly. The intermediate fractions were redistilled. 19.3 
gm. of material boiling at 77-86° were obtained; this crude material repre- 
sents 80 per cent of the theoretical yield from the ethylamine. 

Benzyl 8-Chloroethyl Sulfide—Fig. 1 represents the apparatus used to 
condense sodium benzyl mercaptide with molar proportions of ethylene 
chloride. In the 125 cc. bulb (A) were placed 8.9 gm. of ethylene chloride. 
The dropping funnel (D) which was controlled by the rubber connection 
and pinch-clamp £ contained 2.2 gm. of sodium and 11.8 gm. of benzyl 
mercaptan in 50 cc. of dry n-propyl! alcohol; the materials were protected 
from atmospheric moisture by CaCl, tubes on the mouth of D and on the 
vent (B). Ata bath temperature of 100-150° the accumulated n-propyl 
alcohol and unchanged ethylene chloride in A refluxed from the condenser 
(C) and dropped into the 15 cc. cup (@); the product, being relatively non- 
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volatile, remained in A. The level of NaCl suspension in G was controlled 
by the rubber connection and pinch-clamp H. The contents of the cup 
were mixed mechanically with the stirrer (fF); about 10 hours were required 
for the addition of the mercaptide solution. 

When all the mercaptide had been added, the material was poured into 
400 cc. of water and after separation the aqueous phase was extracted four 
times with 25 to 50 ec. portions of benzene. The organic layers were 
combined and the solvent was distilled finally in vacuo. The residue was 
distilled at 1.5 mm., yielding 9.8 gm., 7.e. 58 per cent of the theoretical 
yield, of benzyl 8-chloroethy] sulfide distilling at 105-108° (3). 

Another experiment indicated that 1-chloro-2-bromoethane could be used 
equally well for the preparation of benzyl 8-chloroethy! sulfide, but that it 
offered no advantage as far as yield is concerned over the more easily 
prepared ethylene dichloride. 10 gm. of benzyl mercaptan were added toa 
solution of 1.9 gm. of sodium in 45 cc. of absolute alcohol. This cooled 
solution was poured into 11.5 gm. of ice-cold 1-chloro-2-bromoethane; 
after a few seconds there was a sudden precipitation in the solution. After 
agitation for 5 minutes at room temperature, the mixture was poured into 
350 cc. of water, the layers were separated, and the aqueous phase extracted 
with benzene. After distillation of the benzene and a small forerun, 8.5 
gm. of the product, representing 56 per cent of the theoretical yield, were 
obtained at 107-109° and a pressure of 1.5 mm. A qualitative test for 
bromine on this product was negative, and the boiling point agrees fairly 
well with that reported for the chloro compound. 

S-Benzylhomocysteine—This compound was prepared by a modification 
of the method of Tarver and Schmidt (5). 8.3 gm. of benzyl 6-chloroethyl 
sulfide, 15.7 gm. of ethyl sodiophthalimidomalonate, and 1 to 2 ec. of dry 
toluene were placed in a 100 cc. centrifuge tube which was closed with a 
CaCl, tube. The mixture was heated 5 hours at 170° in an oil bath, was 
centrifuged and decanted, and the NaCl was washed repeatedly with tolu- 
ene. After evaporation of the solvent in vacuo, the oil was heated for 2 
hours in a boiling water bath with 19.5 cc. of aleohol and 50.5 cc. of 5 .N 
NaOH. The lumps of solid which formed were crushed as well as possible 
at intervals during the heating. The mixture was cooled in ice and the 
solid was collected and washed twice with alcohol-water (15:1 ec.). The 
filtrate was evaporated in vacuo to a thick paste and the solid collected and 
washed as above. The total crude sodium salt (21.4 gm.) thus obtained, 
222 cc. of water, and 26.3 cc. of concentrated HC! were heated on a steam 
bath for 2 hours, after which time 135 ec. more of concentrated HCl were 
added, and the heating was continued for 45 minutes. The cooled mixture 
was treated with 1 gm. of infusorial earth and 1 gm. of decolorizing carbon to 
remove oil, and was filtered. After concentration to about 125 cc., the 
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filtered solution was cooled in ice and made alkaline to Congo red and 
acid to litmus with ammonia. The white precipitate was collected after a 
few hours in the refrigerator and was washed with ice water, followed by 
alcohol and ether. The yield was 7.0 gm., representing 70 per cent of the 
theoretical yield from benzyl 8-chloroethy! sulfide. 

Methionine—Benzylhomocysteine was converted to methionine by the 
method of Patterson and du Vigneaud (4). The over-all yields of analyti- 
eally pure methionine from sodium cyanide and sodium sulfite were about 
5.5 and 11 per cent of the theoretical yields, respectively. A sample 
obtained by mixing the products from two separate complete syntheses 
contained? 1.67 atom per cent excess C’ and 4.2 atom per cent excess 5®*. 
Concentrations of these orders of magnitude were anticipated from the 
isotope content of the starting materials. 


SUMMARY 
dl-Methionine containing an excess of the stable isotopes C™ (in the 8 
and y positions) and S* has been prepared from isotopic sodium cyanide 
and sodium sulfite. 


The authors wish to express their appreciation to Dr. J. R. Rachele of 
this laboratory for carrying out certain microanalytical work in connection 
with this problem. 
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The techniques of qualitative and quantitative fatty acid analysis have 
been applied frequently to the fat of cow’s milk and the milk of a few other 
animals. However, there isno comparable information available on human 
milk. 

The most extensive attempt to characterize human milk fat was that of 
Bosworth (1). His data, based on an analysis of 3 pounds of fat, indicated 
that there are several differences of both a qualitative and quantitative 
nature from the fat of cow’s milk. Thus, he comments that ‘‘the fatty acids 
of low molecular weights are present in the fat from human milk in much 
smaller quantities than in the fat from cow’s milk.” Unfortunately, it is 
difficult to calculate from Bosworth’s data the composition of the thirty 
fractions he obtained in the distillation of the mixed methyl] esters. 

The present study on breast milk was undertaken as part of a general 
program sponsored by the Nutrition Foundation, Inc., to provide more 
satisfactory quantitative information on the composition of human milk. 

Samples of human milk for this study were collected during several peri- 
ods of lactation and dried by the cryochem process at the Children’s Fund 
of Michigan. Two of the samples studied were taken from 75 individuals 
during the first 3 days post partum and the third sample represents normal 
milk taken from two individuals during the 22nd to 43rd day of lactation. 


EXPERIMENTAL 


Preparation of Fat—The lipid material was extracted from the cryochem- 
dried samples of colostrum and mature milk first with ethanol and then 
with ethyl ether in a Soxhlet apparatus for a total of 96 hours. After 
removal of the solvents, the combined extracts from each extraction were 
taken up in redistilled ethyl ether and washed free of water-soluble impuri- 
ties. The water washings and extracted residues were saved for further 
studies. Aliquots of the dried ether solution of the total lipid were weighed 
after removal of solvent in vacuo to determine the amounts of fat extracted 
from each dried milk sample. The completeness of the original extractions 


* Contribution No. 525 from the Department of Chemistry, University of Pitts- 
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was checked by petroleum ether extraction of a saponified and acidified por- 
tion of the extracted residues from each sample. The amount of residual 
lipid present was, in each case, less than 0.4 per cent of the original amount 
present. A summary of the fat content of the milks is given in Table I. 

Phospholipid Separation—The ether solutions of the total lipids were 
concentrated to approximately 75 ml. and poured with stirring into 1200 ml. 
of dry redistilled acetone at room temperature. 1 ml. of magnesium chlo- 
ride solution (saturated solution in alcohol) was added’ The mixture was 
allowed to stand overnight and the flocculent precipitate which separated 
was dissolved in moist ether and reprecipitated with acetone. After filtra- 
tion, the residue was again taken up in moist ether and the magnesium 
chloride removed by centrifugation. The ether solution was dried with 
anhydrous sodium sulfate, solvent was removed in vacuo, and the phos- 





pholipid was weighed. Phospholipid analyses are shown also in Table I. | 


TaBLe | 
Lipid Content of Human Milks 














Colostrum | Mature milk, 
Analysis oe a 3 | 22nd to 43rd 
ist ce 3rd day | day 

Sample extracted, gm.............0.seseeeeeees 121.2 | 183.4 | 181.2 
Fat obtained, gm.......... ian esheigarceetons 19.66 35.76 | 45.90 
Total lipid on water-free basis, %............ 16.8 20.1 26.2 
es ec ce wceee ess 2.2 2.3 3.2 
Phospholipid of total lipid, %.......... dete 6.1 Eke 0.5 
19 | 0.06 


6 F wOe MEME: Towed cle ecacs. ' 0.80 0. 








Phosphorus determinations according to the method described by Fontaine 
(2) indicated an average phosphorus content in the phospholipids of 3.65 
per cent. 

Volatile Fatty Acids—The acetone-soluble lipids from each milk sample 
were saponified in redistilled methanol and the resulting soaps were reduced 
nearly to dryness in vacuo and transferred with distilled water to an all-glass 
steam distillation apparatus. After acidification of the soaps with #0 
per cent sulfuric acid, the free acids were steam-distilled for 6 hours until 
at least 1200 ml. of distillate were collected. In order to avoid any loss of 
volatile acids, the condensate was collected in an ice-cooled receiver. 


la bl . . . . ; 
The aqueous distillate was extracted with ethyl ether and dried over neutral | 


anhydrous sodium sulfate. After removal of the ether, the steam-volatile 
acids were fractionally distilled through a fractionating column. The 
recovered ether, the extracted aqueous solution, and the sodium sulfate used 
for drying were all titrated with standard KOH, and the total acidity was 
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calculated as butyric acid. Calculation of the compositions of the distillate 
fractions was made on the basis of the neutralization equivalents and iodine 
values of the individual fractions. The data for the distilled volatile 
fractions from the analysis of mature milk fat are given in Table II. The 
calculated composition of the volatile acids of the three samples studied 
was 2.8 moles per cent for human colostrum on the Ist and 2nd days; 
2.0 on the 3rd day; 3.4 for mature human milk. 

The percentage of volatile acids found, compared with the percentages 
in butter fat (3), suggested the possibility that, in spite of all the precautions 
taken, loss of low molecular weight acids might have occurred either during 
the cryochem drying or subsequent handling. In an effort to check the 
entire procedure used in these analyses of human milk fat, a sample of un- 
pasteurized cow’s milk (obtained on the market in Detroit) was dried by the 
eryochem process exactly as the human milk samples had been dried. The 


TABLE II 


Fractional Distillation of Steam-Volatile Acids (Mature Milk) 


Fraction No Weight a | Iodine value 
a ee Ae We ae as 
gm. 

\* | 1.176 

2* | 0.373 | | 

3 | 0.090 139.5 0.0 

4 0.097 | 186.0 | 7.6 
Residue 9.299 195.3 8.1 


* Ethyl ether; butyric acid calculated from titration of all recovered ether, 3 mg.; 
sodium sulfate used for drying, 16 mg.; ether-extracted aqueous solution, 105 mg. 


subsequent extraction and volatile acid analysis were performed in a manner 
identical to that described above for the human milk fats. The results of 
this analysis indicated the presence of an amount of steam-volatile acids 
(14.5 moles per cent) which would be expected on the basis of earlier 
analyses of cow’s milk fat. 

Non- Volatile Fatty Acids—The acids non-volatile in steam were converted 
to neutral methyl esters, without the customary resort to separation by 
either crystallization of the acids or lead salts, and fractionally distilled at 
1 to 2 mm. head pressure through a packed column (4) fitted with a take-off 
designed to separate adjacent fractions with minimum admixture (Fig. 1). 
Details of the analysis of the ester fractions from one of the distillations 
(mature human milk fat) are givenin Table III. Analyses of the two other 
samples were very similar to the one shown. The percentages of octa- 
decadienoic, octadecatrienoic, and eicosatetraenoic acids were obtained by 
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spectrophotometric examination of an aqueous solution of the soaps after 
isomerization in ethylene glycol at 185° for 30 minutes. Calculations of the 
component acids were made from these data by the customary procedures 
(5) for the first twelve fractions. For Fractions 13 to 16 the increment of 
the iodine value due to the determined amounts of octadecadienoic and 
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Fia. 1. Distillation head for fractional distillations under reduced pressure. This 
apparatus provides for the interchange of the receiving tubes without alteration of 
the pressure on the column itself and for minimum mixing of the distillate during 
collection. (a) Standard taper 10/30 250° thermometer with a 6 inch stem from the 
joint to the bulb. (6) The distillation head may be sealed directly to a packed 
fractionating column or there may be a standard taper connection to make the head 
interchangeable. (c) 3-Way capillary stop-cock with one outlet through the plug; 
sealed to within 1 cm. of the bow] at a point immediately under the tip of a sealed-in 














finger condenser; the total distance of the capillary should be kept at a minimum 
(d) Small hole for air inlet during exchange of receivers. (e) Either standard taper 
connection or rubber stopper to hold interchangeable receivers. (f) 3-Way T stop-| 
cock (2 mm. bore) connected to 10 mm. glass tubing. (g) Connection to vacuum 
line. 
octadecatrienoic acid was calculated and subtracted from the determined | 
iodine value to obtain the amount of oleic acid present. The equivalent | 
weight of the saturated acids present was then calculated to establish the 
proportions of individual saturated acids. In the case of fractions com 
taining Ca esters, the C,s material (saturated and unsaturated) was a& 
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sumed to have the same composition as in the main Cs fraction (No. 15). 
The amount of eicosatetraenoic acid was calculated from spectrophoto- 
metric analysis! and the remainder of the Coy material present was calcu- 
lated as eicosanoic acid and eicosadienoic acid. The basis for calculation 
of the latter acid was the large amount of absorption due to diene conjuga- 
tion other than that arising from octadecadienoic and eicosatetraenoic 
acids which were found by spectral analysis of the isomerized soaps of 
fractions containing Coy material. The total component fatty acids of the 


TaBLe III 


Fractional Distillation of Methyl Esters of Non-Volatile Fatty Acids from Mature 
Human Milk 





Octadeca- | Octadeca- Eicosatet- 





. , : Saponifi- Iodine value : 3 : 
Fraction No. Amount {cation (Wijs) dienoic |  trienoic raenoic 
equivalent acid acid acid 
om weight | weight weight 
per cent per cent per cent 
1 0.302 | 183.0 3.9 
2 0.574 | 204.5 2.1 
3 0.588 | 209.2 1.4 
4 0.497 | 214.8 1.8 
5 0.362 | 230.5 4.9 | 
6 0.801 | 236.9 6.0 
7 1.087 | 239.9 4.2 | 
8 1.023 | 246.0 | 8.1 
9 0.765 | 261.7 17.2 
10 3.036 | 268.7 13.3 | 
ll 1.275 | 270.4 8.8 | 
12 2.310 | 270.2 9.0 0.2 0.0 
13 5.595 | 286.3 71.2 13.57 0.5 
14 1.932 | 204.7 94.6 17.44 1.0 
15 10.978 |.« 295.8 83.5 13.44 0.7 
16 1.057 | 302.5 87.6 13.74 0.7 6.2 
17 0.920 | 316.0 130.2 15.3 
18 0.315 | 348.4 143.0 17.6 
19 (Residue) 0.558 | 364.1" 94.5 10.4 


* After removal of unsaponifiable material. 


mature human milk fat and the two samples of colostral fat are given in 
Table IV. 

Absorption curves for the isomerized soaps of four fractions from the 
distillation of the methyl esters of mature milk fat are shown in Fig. 2. 
On the basis of the determined equivalent weight, iodine value, and 


1 Standard absorption values for eicosatetraenoic acid were graciously provided 
by Dr. B. W. Beadle and Dr. H. R. Kraybill, American Meat Institute, Chicago, 
Illinois. 
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spectrophotometric study of the isomerized soaps, Fraction 14 contains only 
Cys material; Fraction 15 is mainly C,s with a small amount of Coo; and 
Fractions 17 and 18 are almost entirely Ca, or higher, esters. Tetraene 
material is evidenced in Fractions 15, 17, and 18 by the typical absorption 
maxima at four wave-lengths. The triene absorption at 270 my can be 


TaBLe IV 
Component Fatty Acids of Human Milk Fats 


Weight percentage Molar percentage 
Acid —__—_—_—_—— 

at a | 3rd day | Mature — ss. 3rd day | Mature 
Saturated | Butyric 0.2 0.3 0.4 0.7 0.8; 1.1 
Caproic 0.1 0.1 0.1 |; 0.3 0.2 0.1 
Caprylic | 0.8 | 0.1 0.3 1.5 0.1 | 0.6 
Capric 3.5 0.9 2.2 5.3 1.4) 3.3 
Lauric 0.9 2.6 5.5 1.2 3.4 | 7.1 
Myristic 2.8 4.9 8.5 3.3 5.7 9.6 
Palmitic 24.6 27.8 23.2 25.4 28.9 | 23.4 
Stearic 9.9 7.7 | 6.9 9.2 7.2 | 6.3 
As arachidic 4.9 2.7 1.1 4.1 2.3; 0.9 
Unsatu- Decenoic 0.2 0.1 0.1 0.3 | O.1 | 0.1 
rated Dodecenoic 0.1 0.1 0.1 0.1 0.1 0.1 
Tetradecenoic 0.1 0.2 | 0.6 0.1 0.2 | 0.7 
Hexadecenoic 1.8 2.9 | 3.0 1.9 3.0 | 3.0 
Octadecenoic 36.0 37.1 36.5 33.8 35.1 33.3 
Octadecadienoic 7.5 6.2 7.8 7.1 5.9 7.2 
Octadecatrienoic 0.3 0.3 0.4 0.3 0.2 0.4 
Eicosatetraenoic 1.8 1.6 0.9 1.5 1.4 0.8 
As eicosadienoic 4.6 4.7 2.4 3.9 4.0 2.0 
Total Saturated 47.7 47.0 48.2 51.0 50.0 52.4 
Unsaturated 52.3 53.0 | 51.8 | 49.0 | 50.0 | 47.6 
C, 0.2 0.3 | 0.4 0.7 0.8 1.1 
C. 0.1 0.1 0.1 0.3 0.2 0.1 
Cs; 0.8 0.1 0.3 5 0.1 0.6 
Cio 3.7 0.9 2.3 5.6 15) 3.4 
Cie 0.9 2.6 5.6 a.m 3.4 | 7.2 
Cis 2.9 5.1 9.1 3.4 5.9 | 10.3 
Cie 26.4 30.7 26.2 27. 31.9 | 26.3 
Cis 53.7 51.3 | 51.6 50.4 48.4 | 47.3 
0 4.4 9.6 7.8 3.7 


As Coo 11.3 9. 


accounted for almost completely by the tetraenoic acids. However, the | 


extensive absorption at 234 my, representing diene conjugation, cannot 
possibly have arisen entirely from the eicosatetraenoic acid present and can 
be due, in part, only to a diene Cy, a C22 acid, or both, since the amount 
of octadecadienoie acid present in the last fractions is very small and triene 
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Fig. 2. Absorption curves of isomerized soaps, in aqueous solution, from ester 
Fractions 14, 15, 17, and 18 (mature human milk fat analysis). 


material which would also contribute to the general absorption at 234 
my is negligible. The presence of significant amounts of high molecular 
weight dienoic acids in the latter fractions of each distillation is further 
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evidenced by the iodine values which are much higher than can be ac- 
counted for by the eicosatetraenoic acid alone. 

The presence of hexade cenoic acid in the Cj. fractions from the distillation 
of 3rd day colostrum was verified by the isolation of a product by fractional 
crystallization of the mixed acids of the Ci. distillate fractions, which was 
mainly hexadecenoic acid as judged by iodine value and saponification 
equivalent. 

Analyses— 

Hexadecenoic acid. Calculated. 1 No. 99.0, saponification equivalent 254.4 

Found. eect Xf " ” 255.6 

Characterization of the diethenoid C;s; acid was attempted through the 
separation of characteristic bromides. No crystalline tetrabromostearic 
acid was obtained upon bromination of the free acids of the Cis fractions 
in petroleum ether. However, a heavy red liquid, insoluble in petroleum 
ether, was separated; bromine analysis indicated the presence of a mixture 
of di- and tetrabromostearic acids. 

Analyses—C,sHs2Br,0O:. Calculated. Br 53.26 

CisHBr2O>. " ** 36.47 
Found, ** 49.62, 49.51 
It appears, therefore, that the octadecadienoic acid in human milk fat may 
not be identical with linoleic acid of ordinary seed fat, although the latter 
may be present in traces. 


DISCUSSION 


The results of these analyses indicate several definite trends in the amount 
and composition of the human fat as the period of lactation progresses. 

Fat as percentage of total solids in the milk increases markedly as the 
milk passes through the colostral stages and becomes mature milk.  Like- 
wise, the percentage of phospholipid (very high in Ist and 2nd day co- 
lostrum) decreases to a much lower value in later milk. 

No significant changes in the proportion of low molecular weight acids 
appear during this transition from the first milk secretion to mature milk. 


However, there appears to be a regular increase in the amount of Cy and | 
Cy acids and a very significant decrease in stearic acid and all the acids of | 
greater molecular weight than Cs. These changes, a decrease in amount | 


of higher acids and increase in amount of lower acids, may well be as- 
sociated with the functional development of the lactating mammary gland 
following parturition. The remarkable constancy found for the percent- 
ages of oleic acid and the volatile acids is not in agreement with reports 
that colostral fat is richer in oleic acid (6) and contains less of the volatile 
fatty acids (7) than normal milk. 
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The possibility that different diets of the mothers are responsible for 
these changes is largely ruled out by the fact that all the milks analyzed 
were pooled samples. While it is true that the composition of most tissue 
fats depends to a large degree upon the kind of fat in the diet, it has been 
found that cow’s milk fat is affected only slightly by variation in diet (5) 
unless the dietary fat is especially abundant in certain fatty acids (8). 
Even under the latter conditions, cow’s milk fat is of fairly constant com- 
position. If these experiences with cow’s milk fat can be correlated with 
the human study, then the present analyses may be expected to be repre- 
sentative of the human milk fats obtained at various specific stages of lacta- 
tion. Under special dietary conditions, slight varidtions might be expected. 

In a comparison of these analyses with cow’s milk fat (3), several dif- 
ferences in composition are apparent. ‘The most obvious and interesting 
of these is the relatively small amounts of low molecular weight fatty acids 
in the human milk fats. Although this fact has been known previously, 
there has been a tendency to emphasize the occurrence of these acids in 
cow’s milk fat as having some special significance in infant feeding. These 
acids, however, are not present in human milk fat in sufficient quantity 
to make the infant’s need for them credible solely on the basis of their 
occurrence. 

Another point of difference is the much larger amount of octadecenoic 
and octadecadienoic acids in human milk fat than in cow’s milk fat. In 
fact, the molar percentage of total unsaturated acids is significantly greater 
for the former (about 50 per cent) than for the latter (about 35 per cent). 
It is of considerable interest, however, that the relatively high amount of 
octadecadienoic acid present in the human milk fat does not have the 
characteristics of the linoleic acid of ordinary seed fat. All attempts to 
obtain crystalline tetrabromostearic acid were unsuccessful. However, 
the liquid bromides, insoluble in petroleum ether or ethyl ether, obtained 
on bromination of the Cis fractions were mainly tetrabromostearic acid. 
Additional verification for the presence of appreciable amounts of octa- 
decadienoic acid in the C,s fractions is furnished by the spectrophotometric 
analyses of the alkali-isomerized soaps of these fractions. The typical 
conjugated diene absorption peak at 234 my (for example, see Fraction 15 
of Fig. 1) was shown for all fractions containing Cis esters, and the amount 
of octadecadienoic acid was calculated by comparing the amount of ab- 
sorption at this peak with standard values obtained by isomerizing pure 
methyl linoleate. 

Absorption peaks at 270 my, typical of isomerized trienoie acids, were 
also obtained and were caleulated as octadecatrienoic acid by comparison 
with absorption values obtained after isomerization of pure methyl lin- 
olenate. However, since the amount was very small, it is possible al- 
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though not probable, that this material could have come from the 
octadecadienoic acid. A small amount of triene material has been shown 
to appear during the distillation and manipulation of dienoic acids and 
their derivatives 9). The amount of eicosatetraenoic acid may also in- 
clude other tetraenoic acids, as suggested by Bosworth. Since it was 
impossible to calculate accurately the amount of single dienoic acids of the 
Cx and Cos series, all the unsaturation not accounted for by the eico- 
satetraenoic acid was calculated as eicosadienoic acid. This calculation 
is not strictly justified, but since the actual amount is small, the over-all 





error is also small. The same is true for the calculation as eicosanoic acid | 


of all the saturated acids having molecular weights greater than Cis. 

The presence of other unsaturated acids, those containing 10, 12, 14, and 
16 carbon atoms, was verified by the iodine values and saponification 
equivalents of the distillate fractions of the methyl ester. Unfortunately, 
the small amount of material available for the analyses precluded the 
possibility of isolating any but the hexadecenoic acid in degree of purity 
sufficient to confirm its presence. However, previous analyses of known 
mixtures? have shown that the fractional distillation procedure used in 
these analyses provides separation of the lower boiling fractions so as to 
prevent any contamination with Cis unsaturated acids. 

SUMMARY 

|. Total fat, phospholipid, and complete fatty acid analyses of com- 
posites of the fats of human colostrum of the Ist and 2nd days, human 
colostrum of the 3rd day, and mature human milk were determined. 

2. The percentage of total fat increases and the phospholipid decreases 
as the lactation period progresses. 

3. The amount of low molecular weight fatty acids is very small as 
compared to cow’s milk fat analyzed in an identical manner. 

4. There is a relatively large amount of Cx and Ce» acids in the colostral 
fats, and these acids decrease while the C,, and Cy acids increase as the 


postpartum period lengthens. 


The authors are grateful for the collaborative assistance of Dr. Icie 
Macy Hoobler and Dr. Harold H. Williams in securing and drying the 
milk samples used in this study, and for additional financial assistance 
provided by The Buhl Foundation. 
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REJUVENATION OF PHOSPHATE IN ADENINE NUCLEOTIDES 


I, ENZYMATIC METHODS FOR SEPARATION OF PHOSPHATE 
GROUPS IN POLYPHOSPHORYLATED NUCLEOTIDES* 


By HERMAN M. KALCKARft 


| (From the Departments of Radiology and Pharmacology, Washington University School 
of Medicine, St. Louis) 


(Received for publication, March 17, 1944) 


Adenosine triphosphate has been shown by a large number of investi- 
gators to be of importance in the transfer of phosphate. The tri- or 
diphospho compounds liberate or donate the labile phosphate groups, 
whereas the dephosphorylated compound, adenylic acid, accepts phosphate 
from phosphoamidines (1, 2), phosphoenol pyruvate (3), or phospho- 
carboxylates (4,5). A study of trans- and dephosphorylations in the intact 
animal became possible after the introduction of isotopic phosphate into 
biological studies (Hevesy (6)). The aim of the present paper has been to 
find methods which would permit a separate isotope analysis of the two 
labile phosphate groups in adenosine triphosphate. 

The phosphate groups in adenosine triphosphate have been numbered 
as illustrated in the accompanying formula. 





HC C—Ny 0 
1) Sco | 
N—C—N————_-CH—_CHOH—CHOH—CH—CH, 


Gr) i Or >nolge 


| 
—O—P'—0—P*—0— P*\0- 


I | 
) 0 a) 


Phosphate group 1 is stable; i.e., it does not participate in the rapid 
| trans- and dephosphorylations which involve the phosphate groups 2 and 
3. It has been found that a number of enzymatic trans- and dephosphory- 
lations in vitro involve only the third (terminal) phosphate group. 
The following enzymes have been shown to catalyze reactions involving 
the third phosphate group exclusively (one-step transphosphorylases’). 


* Aided by a grant from the Commonwealth Fund. 

t Present address, the Public Health Research Institute of the City of New York, 
Ine. 

‘An enzyme which catalyzes the transfer of phosphate from one organic linkage 
to another. 
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Dephosphorylations 


Adenosine triphosphatase Lobster muscle (2)* 
” " Myosin from rabbit muscle (7) 
Inosine triphosphatase ‘* and muscle extract from 
rabbit muscle (8) 
Transphosphorylations 

Hexokinase Bakers’ yeast (9) 

Arginine transphosphorylasef Lobster muscle (2) 
Phosphoglyceric acid transphos- Brewers’ and bakers’ yeast (4, 10) 

phorylase Rabbit muscle (10) 


However, in other enzyme systems trans- and dephosphorylations of 
adenosine triphosphate involve both labile phosphate groups (two-step 
transphosphorylations). 


Dephosphorylations 


Adenylpyrophosphatase Liver (11) 
“ Potato (12) 
Inosine triphosphatase ” (12) 
Transphosphorylations 
Acetyl phosphate transphorylase (13) 
Creatine transphosphorylase Rabbit muscle (1) 
Phosphopyruvate transphosphorylase - - (3, 14) 


The phosphate group | is split off by a specific enzyme, the so called 5- 
nucleotidase (15). This phosphate group participates under certain 
circumstances in the phosphate cycle (16, 17). 

Studies of the rate of rejuvenation of phosphate groups in intact animals 
with radioactive phosphate (P*) have revealed a rapid shift of phosphate 
in the pyrophosphate part (phosphate groups 2 and 3) of adenosine tri- 
phosphate, whereas the first phosphate was shown to be rejuvenated at a 
much slower rate (Korzybski and Parnas (18); Hevesy (19)). Korzybski 
and Parnas showed that within 30 minutes after the injection of radio- 
active phosphate the muscle pyrophosphate has reached the same isotope 
concentration as that of the inorganic phosphate in the muscle. 

Meyerhof et al. (20) showed a rapid rejuvenation of the pyrophosphate 
group tin vitro. 

In the present studies an attempt has been made to obtain an estimate 
of the rates of rejuvenation of the second and third phosphate groups in 
resting muscle and liver and, in particular, to compare the rates of rejuvena- 
tion of the two phosphate groups. 

The separation of phosphate groups 2 and 3 is not possible by any ordi- 
nary chemical procedure. However, any one of the enzyme systems 
listed above as one-step transphosphorylases can be used as a tool in & 


* Bibliographic reference numbers. 
t See foot-note 1. 
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separate isotope determination of the second and the third phosphate 
groups. Of these enzymes, hexokinase from bakers’ yeast has been used 
most extensively in the present work. This enzyme, which can be ob- 
tained as a relatively stable preparation which remains active for several 
months, is not only strictly specific towards adenosine triphosphate, but 
is completely free of any other enzyme which could mobilize the second 
phosphate group (21). 

Isotope Analysis of Phosphate Groups in Adenosine Triphosphate— 
Adenosine triphosphate is isolated according to Lohmann (22) from the 
muscles of an animal which has been injected with radioactive phosphate 
a few minutes previously. The isotope concentration of the complete 
nucleotide is determined? In order to separate the stable phosphate group 
(No. 1) from the two labile groups (phosphates 2 and 3), the nucleotide 
is subjected to hydrolysis with barium hydroxide at 100° (22). This gives 
rise to a liberation of inorganic pyrophosphate (phosphates 2 and 3) and 
adenylic acid (phosphate 1). A separation between the stable and labile 
phosphate groups can also be effected by adding potato adenylpyrophos- 
phatase (12) to adenosine triphosphate. In this case, the second and third 
phosphate groups are obtained as orthophosphate. The values obtained 
by the two methods are in agreement (see Paper II, Table VII). The latter 
method has also been used in order to separate the first and second phos- 
phate groups in adenosine diphosphate. In this case the hydrolysis with 
barium hydroxide is very slow. 

In order to separate the second and third phosphate groups, adenosine 
triphosphate is incubated with glucose in the presence of yeast hexokinase. 
When the phosphate transfer has proceeded to completion, adenosine 
diphosphate and hexose monophosphate (6-phosphohexose) are isolated 
through the barium and mercury salts (see the details later). 

The results of isotope analysis of the three phosphate groups in adenosine 
triphosphate from rabbit and frog muscle will be presented in Paper II 
(ef. (23), Tables V and VI). 

Isotope Analysis of Hexose Monophosphate—In order to analyze hexose 
monophosphate present in muscle extract or formed in the hexokinase test, 
it is sufficient to precipitate the ester either with barium acetate and ethanol 
or with lead acetate,’ remove traces of adenine nucleotides with mercuric 
salts in acid medium, and finally precipitate the ester with calcium acetate 
and hot ethanol, thus obtaining the crystalline calcium hexose monophos- 
phate (24). 

In the presence of glycerophosphate it is not possible to obtain pure 

* The details of the isotope analysis will be described in a subsequent paper (23). 


* When lead acetate was used, the tissues were always fixed with trichloroacetic 
acid and all metals used were added as acetates. 
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hexose monophosphate owing to formation of a double salt between glycero- 
phosphate and hexose monophosphate (Smythe (25)). A very specific 
method for the separation of hexose monophosphate P in the presence of 
glycerophosphate is the enzymatic conversion of glucose-6-phosphate to 
glucose-l-phosphate by the enzyme phosphoglucomutase (26). Colowick 
and Sutherland (27) found that 4.5 to 5 per cent of the glucose-6-phosphate 
is converted to glucose-l-phosphate. The phosphorus of the latter com- 
pound ean be liberated by 5 minutes hydrolysis in boiling N sulfuric acid 
or enzymatically by conversion to starch by phosphorylase (28) and ana- 
lyzed for isotopic phosphorus. This method furthermore makes it possible 
to estimate what percentage of the phosphorus in a fraction is hexose 
monophosphate (see the experimental section). 

It thus appears that a number of enzymatic reactions are of value as 
tools for isotope analyses of several important phosphate compounds, 
There is reason to believe that enzymatic methods might also prove to be 
useful in isotope analyses of other elements. 


EXPERIMENTAL 


Isotope Analyses of Adenosine Triphosphate 
minced and extracted twice with a solution of 
HCl. The filtrate was treated with H.S gas, the aerated filtrate was made 
alkaline to pH 8, and barium acetate was added. The barium precipitate, 
which contains the adenosine triphosphate and the inorganic phosphate, 
was washed and dissolved in dilute HNO;. The adenine nucleotide was 
precipitated with mercuric nitrate, washed, freed of Hg with H.S, and the 
aerated filtrate was neutralized and analyzed. 

Total amount of organic P, 13.8 mg., corresponding to approximately 
140 mg. of Basalt. The ratio of labile to total P was 0.64; calculated, 0.67. 

Adenosine triphosphate in an amount corresponding to 6.4 mg. of labile 
P (or 9.6 mg. of total P) was incubated at 30° and at pH 7.2 with 100 4 
of hexokinase from yeast in the presence of 3 mg. of MgCl, and 60 mg. of 
glucose. After 1 hour the protein was precipitated with trichloroacetic 
acid and the adenosine diphosphate (phosphate groups 1 and 2) formed was 
precipitated with barium at alkaline reaction, redissolved in HNQOs, pre- 
cipitated with mercuric nitrate, decomposed with H.S, and neutralized. 
The total organic P thus recovered from the barium: precipitate equals 
5.3 mg. of P; maximum yield 6.8 mg. of total P., i.e. 80 per cent yield. 

A sample of this adenosine diphosphate containing 515 y of P was digested 
and analyzed for N. Found, 545 y of N; calculated, 580 y of organic N; 
the N:P ratio was, therefore, found to be 1.06, the theoretical ratio for 
adenosine diphosphate being 1.12.. The ratio of labile to total P was 0.50; 
calculated, 0.50. 


5 gm. of frog muscle were 
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2.5 per cent HgCl. in 0.5 n 
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The third phosphate group which was esterified to hexose was recovered 
from the supernatant fluid after the barium precipitation of adenosine 
diphosphate. The barium hexose monophosphate was precipitated by 
addition of an equal volume of ethanol and redissolved in acid. Traces of 
adenine nucleotide were removed by precipitation with mercuric acetate. 
The hexose monophosphate which contains the third phosphate group 
remains in the supernatant. The total organic P of this fraction was 
1.8 mg. of P; maximum yield, 3 mg. of P, 7.e. 60 per cent yield. In order 
to identify the material, the ester was precipitated as the crystalline calcium 
salt by adding calcium acetate and an equal volume of ethanol to a solution 
of the ester; the mixture was heated to 70°, which gives rise to formation 
of a crystalline calcium precipitate. 

An amount of this calcium precipitate containing 500 y of organic P 
consumed 15.5 micromoles of I, in the Macleod-Robison titration, cor- 
responding to 2800 y of glucose, or since approximately one-fourth of the 
hexose of the ester is fructose, 3500 y of total hexose. An amount of 500 y 
of organic P would correspond to approximately 3000 y of total hexose. 

Isolation of Adenylic Acid—A portion of the adenosine diphosphate frac- 
tion containing 1100 y of labile P was incubated with 150 y of potato 
adenylpyrophosphatase and 1 mg. of CaCl.; pH 6.5, temperature 30°, 
incubation time 30 minutes. The orthophosphate liberated was precipi- 
tated as the barium salt. The total amount of orthophosphate was 890 + 
of P. The barium salt of adenylic acid which remained in the supernatant 
fluid was precipitated by addition of 1.5 volumes of ethanol. The barium 
precipitate was dissolved in water, and the solution brought to about pH 3 
and precipitated with mercuric nitrate. The mercury salt was washed 
twice with water, decomposed with HS gas, and the aerated filtrate which 
contained the free acid was analyzed. 

The total amount of organic phosphate in this fraction was 510 y of P; 
the maximum yield corresponded to 1100 y of P, 7.e. approximately 50 per 
cent yield. No inorganic P was found, and only 1.3 per cent of the organic 
P was labile. A sample containing 77 y of P was digested and analyzed for 
nitrogen. Found, 180 y of N; calculated, 174 y of N for adenyliec acid. 

Enzymatic Analysis of Crude Hexose Monophosphate—Adenosine triphos- 
phate containing 2850 y of labile P was incubated with 67 y of purified 
yeast hexokinase, 50 mg. of glucose, and 2 mg. of MgCl; pH 7.2, tempera- 
ture 30°. After 30 minutes incubation, the adenosine diphosphate formed 
Was precipitated with barium acetate. Yield, 835 y of labile P, which is 
60 per cent of the maximum amount. 

The remaining organic pyrophosphate in the supernatant fluid was 
hydrolyzed by boiling in dilute HCl. The inorganic phosphate liberated 
was removed by precipitation with barium hydroxide. The supernatant 
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fluid yielded 1240 y of organic P, containing 200 y of acid-labile P before 
hydrolysis or 840 y of organic P after hydrolysis. The volume of the bar- 
ium supernatant was 3.3 ml.; 1.5 ml., containing 380 y of organic P, were 
incubated with 600 y of phosphoglucomutase,‘ 2 mg. of glutathione, and 2 
mg. of MgCl, The control contained the same components except the 
enzyme. 

In the presence of enzyme, 8.9 y of acid-labile P (P split after 5 minutes 
boiling in HCl) was formed, corresponding to 198 y of glucose monophos- 
phate P (4.5 per cent glucose-1-phosphate to 95.5 per cent glucose-6-phos- 
phate (28)) or 436 y in the whole sample. Since the whole sample contained 
840 y of organic P, the percentage of P due to glucose monophosphate is 
136/840 X 100 = 52 per cent or with one-third to one-fourth as fructose-6- 
phosphate; the percentage of hexose monophosphate was approximately 
570/840 X 100 = 70 percent. The chief impurity in the hexose monophos- 
phate fraction after acid hydrolysis is probably ribose-5-phosphate. 


SUMMARY 


An enzymatic method by which the two labile phosphate groups in 
adenosine triphosphate can be separated has been described. The terminal 
phosphate. group was transferred to glucose by the enzyme hexokinase. 
The second phosphate group was liberated by the addition of an adenyl- 
pyrophosphatase preparation from potato. The specific enzymatic 
separation of the phosphate groups in adenosine triphosphate makes 
possible an analysis of isotopic phosphate in each of the phosphate groups 
of the nucleotides. 
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REJUVENATION OF PHOSPHATE IN- ADENINE NUCLEOTIDES 


II. THE RATE OF REJUVENATION OF LABILE PHOSPHATE 
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(Received for publication, March 17, 1944) 


The present studies deal with the uptake of phosphate in muscle and with 
the rate of rejuvenation of phosphate in phosphocreatine and in the pyro- 
phosphate of adenosine polyphosphates. 

These studies of phosphorus metabolism by means of radioactive phos- 
phorus had three main purposes: (1) to obtain information about the nature 
of phosphate uptake in the muscle; (2) to obtain an estimate of the rate of 
rejuvenation of the labile phosphate groups in resting muscle; (3) to meas- 
ure individually the rates of rejuvenation of the two labile phosphate 
groups in adenosine triphosphate (phosphate groups 2 and 3) and to 
compare them with that of phosphocreatine. 

Before these problems could be solved, however, it was necessary to find a 
method for determining the intracellular inorganic phosphate without inter- 
ference from the extracellular highly radioactive phosphate. 

Hevesy and Rebbe (i) showed that phosphate penetrates the skeletal 
muscle very slowly and as a consequence the specific radioactivity (radio- 
activity per mg. of P) of the extracellular phosphate remains for a long time 
much higher than that of the intracellular phosphate. 

It is obvious that failure to take into account the existence of such an 
extracellular pool of highly radioactive phosphate would give rise to ex- 
cessively high values for the P® concentration in the inorganic fraction in 
muscle as compared with that of the organic fractions. 

On that account the interpretations of Sacks in 1940 (2) and of Bollman 
and Flock in 1943 (3) with regard to rejuvenation of phosphocreatine and 
adenyl pyrophosphate in muscle cannot be considered valid, since no cor- 
rections were made for the extracellular phosphate. Sacks and Altschuler 
in 1942 (4) made corrections for the extracellular phosphate. However, 
since they did not measure the extracellular space but used an average value, 
these calculations are necessarily crude and do not constitute a basis for 
interpretations. Furchgott and Shorr (5) have recently obtained direct 


* This work was supported by a grant from the Commonwealth Fund. 
t Present address, the Public Health Research Institute of the City of New York, 
Inc. 
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values for P® concentration of extra- and intracellular phosphate in slices 
of heart muscle equilibrated in vitro in a medium containing P®. 

The errors made by identifying the inorganic P obtained by direct extrac- 
tion of a muscle with that of the intracellular inorganic P are fairly small 
with respect to analytical values (mg. per cent of P) but are large with 
respect to specific radioactivity. Even larger errors may appear when 
small animals, such as rats, are injected with radioactive P containing as 
much as 7.5 mg. of P (cf. Bollman and Flock (3)), thus raising considerably 
the level of inorganic P in serum; under such conditions the P® concentra- 
tion of the combined extra- and intracellular phosphate can reach values as 
high as 15 times that of the P® concentration of the intracellular phosphate 
alone. These considerations may also apply to the results obtained by the 
vontinuous administration of P® (6). 

In order to estimate the errors due to inclusion of extracellular P, extracts 
from unperfused muscle and from muscle perfused with ice-cold Ringer’s 


TaBLe I 


P** Concentration of Inorganic Phosphate from Unperfused and from Perfused Skeletal 
Muscle (Cf. Protocol 1) 





Relative specific activity 


per cent 
Serum inorganic P vaendh. 6650 
Inorganic P in unperfused muscle. .... +) 235 (135% error) 
_ 100 


= “ «* perfused muscle. . 


solution were compared with respect to specific radioactivity of the inor- 
ganic P. The specific activities of serum and of successive portions of the 
perfusion fluid were also determined. Since the experiment was performed 
in order to study the rejuvenation of labile P groups, the time from the 
injection of P® (intravenous) to the fixing of the muscles did not exceed 30 
minutes. The details of the experiment will be described in the experimen- 
tal section (Protocol 1). 

The error due to extracellular P in the unperfused leg can also be calcu- 
lated if the extracellular and serum inorganic phosphates are assumed equal 
in concentration and radioactivity. Assuming that the extracellular space 
is equal to 12 per cent of the muscle (7) and that the serum phosphate 
concentration is one-fourth to one-fifth that of the muscle phosphate, then 
since the serum P in Table I is about 66 times more active than muscle P, 
the error would be (0.12 X 0.20 X 66) X 100 = 158 per cent, which agrees 
with the 135 per cent increase actually found. 

The error due to extracellular P remaining in the perfused leg can be 
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calculated, since different portions of the perfusion fluid were tested for 
radioactivity. If the radioactivity per ml. of serum is considered 100, 
the P® concentrations in various portions of the perfusion fluid were as 
described in Table II. 

The maximal error is, therefore, (0.12 X 0.20 X 0.04 X 66) = 6 per cent. 
In the estimation of the specific activity of intramuscular inorganic P there 
is another source of error to be kept in mind. During the period of per- 
fusion of the leg (with occlusion of the other leg) phosphocreatine breaks 
down in both legs. The analytical amount of inorganic P increases, 


TABLE II 


P%2 Concentration in Serum and in rte nese Fluid dnd Muscle (Cf. Protocol 1) 





Relative P*? concentration 
per ml. 





per cent inorganic P activity 








Serum..... A REA yin FP -' 100 

Middle 400 ml. perfusion fluid... ey aE gh eign t 8 

Last 400 ml. perfusion fluid. . SOA. OUT. UE. SEE, 4 
Tasie III 


P*? Concentrations in Phosphate Fractions from Muscle (Cf. Protocol 1) 








| Radioactivity, per cent 
| of inorganic P 





Perfused Unperfused 








muscles muscles 
emeele BP. os cdiess + «scetqusdhecdenhts teed’ 100 | 235 
peneornntinn PP... cncvevdcdisasheenk Wess se5% Sar 61 61 
Pyrophosphate in small sample. . PE PEED 56 58 
Labile P of isolated adenosine triphosphate. yey. 54 57 58 
Stable“ =“ . - , eee | . 4 








* See foot-note 1. 


whereas the specific activity decreases, since it is diluted with phosphate 
from a large pool, the phosphocreatine pool, which has, at least initially, 
a lower specific activity than the inorganic phosphate. 

In the experiment in Table III the inorganic P has been diluted with 
about an equal amount of P from the phosphocreatine pool, which has a 
somewhat lower specific activity. The specific activity of the original 
inorganic P might therefore be as high as 120 to 130 instead of 100, which 
would make the specific activity of the organic labile phosphate less than 
50 per cent of that of the inorganic phosphate. It is important to empha- 
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size that the contribution of phosphocreatine P to the pool of inorganic P 
was the same on the perfused and the unperfused side.' 

The lower isotope concentration in the labile P esters compared with in- 
organic P has a direct bearing on the question, does phosphate enter the 
muscle exclusively by a metabolic reaction (for instance a reaction between 
phosphate and glycogen or aldehyde groups) or does phosphate enter the 
muscle primarily by exchange? The problem is of importance too for the 
understanding of the mechanism of absorption of phosphate and of glucose 
in the intestine and the kidney tubules. According to Sacks and Altschuler 
(4), phosphate penetrates the muscle exclusively by breakdown and resyn- 
thesis of phosphocreatine and adenyl pyrophosphate.* In their studies on 
skeletal muscle the isotope concentration of the labile P esters was always 
found by these workers to be as high as the inorganic P. In heart muscle 
Sacks and Altschuler in some cases found higher isotope concentrations in 
the labile esters than in the inorganic P. Their calculations of the extra- 
cellular and intracellular phosphate, were, however, too crude to permit 
such far reaching conclusions. Moreover, Furchgott and Shorr (5) in 
experiments with heart muscle in vitro showed that the P® concentration 
of the labile phosphate groups is markedly lower than that of the intra- 
cellular phosphate, in particular at low temperature. The authors em- 
phasize that these observations are hardly compatible with the hypothesis 
of formation of an organic labile phosphate ester intermediate in the pas- 
sage of phosphate into the cell. 

The present experiments are in agreement with the findings of Furchgott 
and Shorr (cf. Table IV). 

Provided that the ammonium-magnesium precipitate represents only 
inorganic phosphate, it seems certain that phosphate enters the muscle 
primarily by a physical exchange. The possibility that phosphorolysis of 
glycogen plays a rdle in the uptake of phosphate is discussed later in this 
paper. 

The rate of penetration of P into the skeletal muscle can be calculated 
from the data of the relative P® concentrations of the extra- and intra- 
cellular phosphate and from the concentration of inorganic phosphate in 
the muscle. Resting skeletal muscle contains approximately 250 y of P 
per gm. The P® concentration of the muscle phosphate 20 minutes after 


1 The specific activity of the organic labile phosphate in the experiment was prob- 
ably somewhat lower than 50 per cent of the original inorganic P if corrected for 
phosphocreatine P breakdown. 

2“. . phosphate enters or leaves the cell only by formation or breakdown of an 
organic compound at the membrane’”’ (Sacks and Altschuler, 1942 (4); ef. also (8)). 
In 1943 Sacks (9) wrote, as a conclusion of his experiments, ‘‘that inorganic phos- 
phate enters into the intracellular inorganic phosphate only by hydrolysis of PC or 
ATP formed at the membrane.”’ 
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the injection of P® was only 1 to 2 per cent of that of the extracellular 
phosphate. The P® concentration of plasma was identified with that of 
the extracellular, an assumption which does not hold true within the first 
5 minutes when the extracellular phosphate has not yet come to an equilib- 
rium with the plasma. If we estimate the ratio between the P® concentra- 
tions of the extra- and intracellular phosphates after 20 minutes as 50:1, 
it means that only 2 per cent of the muscle phosphate or 5 y of P have 
been rejuvenated in that time. The rate of penetration of phosphate per 
gm. of muscle per minute would therefore amount to approximately 0.25 y 
of P. The intracellular phosphate is, however, a part of the metabolic 
wheel of the cell and in a living cell it is continuously drawn upon and re- 
newed from the labile phosphoric esters (phosphocreatine, adenyl pyro- 
phosphate, and to some extent hexose monophosphate). The rate of 
penetration is consequently 3 to 5 times higher than that calculated on 


TaBLe IV 
Rejuvenation of Labile Phosphate Groups in Skeletal Muscle (Cf. Protocol 1) 
The results are expressed as per cent of P* concentration of inorganic P in muscle. 


; > ~atine | 1p - 
Inorganic P Fhsaphaeseotinn) 2,3-Pyrophos 


od ats Time phate P 
Animal bsg ne | rea after = r 
| injection | Unper-| Per- | Unper-| Per- | Unper-| Per- 
| fused | fused | fused fused | fused | fused 
muscle muscle | muscle | muscle | muscle | muscle 
— - _— - _ | — | = | —— | _ —— ——— 
min. | | | | 
Bullfrog Intravenous 20 100 | 10 26 
” Subcutaneous 20 100 22 | 20 
Rabbit Intraperitoneal 30 100 | 59 | 54 
= 8 , Intravenous 30 235 | 100 | 61 | 61 58 | 57 
| 94 
| 


Intraperitoneal 180 160 100 100 94 


the basis of a “dead” pool of inorganic phosphate. A rate of penetration 
of approximately 1 y of P per minute per gm. of muscle would be a fair 
estimate. 

The rate of rejuvenation of pyrophosphate can also be calculated from 
the data obtained. Mammalian muscle contains between 0.2 and 0.3 mg. 
of pyrophosphate P per gm. Approximately half of this fraction is re- 
newed from the pool of inorganic phosphate within 20 minutes (Tables 
IV and V). This means a rate of 5 y of P per minute. However, the 
phosphocreatine pool, which was found to have the same P® concentra- 
tion as that of the adenyl pyrophosphate pool, is rejuvenated through the 
latter pool. The rate of rejuvenation of the pyrophosphate pool ought to 
be calculated on the basis of the combined pools of pyrophosphate and 
phosphocreatine, since the latter and adenyl pyrophosphate are in an en- 
zymatic equilibrium (10), which is rapidly attained. 
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The phosphocreatine pool amounts to between 0.55 and 0.7 mg. of P per 
gm. of muscle and the combined pools amount therefore to 1 mg. of P. 
Half of this amount is rejuvenated in 20 minutes, which means a rate of 
rejuvenation of 25 y of P per minute and per gm. of resting rabbit muscle. 

Isotope Analysis of Hexose Monophosphate Fraction in Muscle—A limited 
number of P® analyses of hexose monophosphate in muscle were made. 
The isotope concentration as compared with the labile phosphate groups 
varied a great deal. In some experiments the hexose monophosphate P 
had the same P® concentration as that of phosphocreatine and adenyl 
pyrophosphate; in other cases it was either lower or higher (cf. Table V). 


TaBLe V 
Comparison of P® Concentrations in Hezose Monophosphate of Muscle and Labile 
Phosphate Groups of Adenosine Triphosphate 


Animal Temperature eye Activity, per cent of inorganic P 
C. min. | 
Rabbit. ; 37 15 Hexose monophosphate 67* 
| Adenosine triphosphatet | 50 
” 37 20 | Hexose monophosphate 40 
Adenosine triphosphatet 60 
A 37 180 | Hexose monophosphate 220* 
Adenosine triphosphatet 93 
37 360 Hexose monophosphate 45 
Adenosine triphosphatet | 95 
, ee 20 20 Hexose monophosphate 20 
| Adenosine triphosphatet | 56 
¢ 20 20 | Hexose monophosphate 14 
Adenosine triphosphatet | 55 
o a 5 20 Hexose monophosphate 0.5 


Adenosine triphosphatet 22 


* Washed with inert phosphate. 
t Labile phosphate. 


The very high value of the hexose monophosphate P in the 3 hour ex- 
periment is particularly remarkable, because the P® concentration con- 
siderably exceeds that of the intracellular inorganic phosphate. The 
relation to the glycogen content of the muscle was not studied. This 
latter question, however, may be of significance in explaining these varia- 
tions (see “Discussion’’). 

Fractional Isotope Analysis of Adenosine Triphosphate—Korzybski and 
Parnas (11) showed that the stable phosphate in adenosine triphosphate 
has a far lower isotope concentration than the two labile phosphates, 
which were determined together as pyrophosphate. Meyerhof et al. (12) 
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demonstrated a very rapid rejuvenation of the pyrophosphate group in 
isolated enzyme systems. In the present paper the two labile groups were 
determined separately by a stepwise enzymatic cleavage described in 
Paper I (13). Table VI furnishes an example of a complete isotope 
analysis of adenosine triphosphate from resting rabbit muscle 20 minutes 
after the intravenous injection of radioactive phosphate. 

Table VI shows that even in a resting muscle both labile phosphates are 
involved in the rapid breakdown and resynthesis of adenosine triphos- 
phate. This is to be expected, since skeletal muscle contains an enzyme, 
myokinase (15), which catalyzes the exchange of the second and third 
phosphate groups (16). 

Rejuvenation of the Labile Phosphate Compounds in Frog M uscle—Experi- 
ments performed on bullfrogs at a low temperature (0-5°) indicated that 


TaBie VI 


P*? Concentration 20 Minutes after Injection of Radioactive Phosphate in Various 
Phosphate Groups of Adenosine Triphosphate from Rabbit Muscle (Cf. 
Protocol 1) 


. P22 (specific activity), per cent 
Phosphate group No. of inorganic P activity 


2, 57 
2, 3. After ‘‘washing’’ with inert phosphate 56 
2 61 
3 53* 
1 8 


* The slightly lower isotope concentration of the third phosphate is due to con- 
tamination with a small amount of ribose phosphate (phosphate 1). 





the exchange between the two labile groups of adenosine triphosphate is 
very incomplete. Such experiments are illustrated in Table VII. 

A bullfrog was injected intravenously with 50 microcuries of P®. The 
hind legs were kept at a temperature of 20° and perfused with Ringer’s 
solution for 20 to 30 minutes before fixing (cf. Protocol 3). 

It will be noticed that in these experiments the third phosphate group 
has a lower P® than the second. This phenomenon has been found in a 
number of other frog experiments, but only in those cases in which the P® 
concentration of phosphocreatine was markedly lower than that of the 
pyrophosphates (Experiments 1 and 2). Mincing the muscle gives rise 


*Furchgott and Shorr (5, 14) have recently used a similar enzymatic cleavage. 
The terminal group was split off by additions of adenosine triphosphatase from 
washed lobster muscle. Direct P** measurements were only made on the second 
phosphate group and the P* concentration of the third calculated. 
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to a marked splitting of phosphocreatine, the phosphate of which must 
have been transferred preferentially through position 3 in the adenosine 
triphosphate before being liberated. 

It has already been mentioned that an analysis of frog muscle at low 
temperatures shows that the hexose monophosphate in the skeletal muscle 
had attained only a very low concentration of P® (cf. Table V).‘ 

It appears as if some of the enzymes converting glycogen and phosphate 
to hexose monophosphate were inactive in the frog muscle at the low tem- 
perature. One of these enzymes, the phosphoglucomutase (17) is active 
only when reduced (18). Moreover, it is known (19) that frogs kept at 
low temperature develop very little lactic acid and do not use their glyco- 
gen even when stimulated to exhaustion. 


Taste VII 
P*®? Concentrations in Phosphocreatine and Adenosine Triphosphate from Frog Muscle 
(Cf. Protocol 3) 


The frogs were held at a temperature of about 20° in Experiments 1, 2, and 4; in 
Experiment 3, at 5°. 


P22, per cent of inorganic P activity 





| Experi- | Experi- | Experi- Experi- 
|} ment 1 ment 2 | ment 3 ment 4 


- -| — - sce! kan —-- 





Phosphocreatine P 10 | 2 
Adenosine triphosphate, groups 2 and 3. 25 28 | 22 20 
= ” group 2. | 38 41 | 27 | 19 

| 26.5* | 
3 (terminal) ee SS a £ 

oe “ 7 #s. | 0.5-1| i rithits 4 








* Phosphate group 2 liberated as orthophosphate by hydrolysis of the adenosine 
diphosphate with potato adenylpyrophosphatase (cf. (13)). 


Rejuvenation of Phosphate in Liver—The rate of rejuvenation of phos- 
phorus compounds in the liver has been estimated in some experiments by 
Lundsgaard (20). Analyses of the P® concentrations of the inorganic 
phosphate in plasma and liver and of the acid-labile phosphoric esters in 
the liver were made as early as 30 minutes after the injection of radioactive 
phosphate. The two outstanding features of Lundsgaard’s studies were 
(1) the rapid penetration of phosphate into the liver cells; (2) the rapid 
rate of rejuvenation of the acid-labile phosphoric esters (including adenyl 
pyrophosphate). 


« The hexose monophosphate was purified and identified by aldose determination. 
Moreover, the muscle contained lactic acid, which ia view of the lack of isotopic phos- 
phate in the hexose phosphate could not have been formed from glycogen and inor- 
ganic phosphate, but must have been formed directly at the expense of the hexose 
monophosphate; the latter was actually found to be lower than normal. 
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The relative P® concentrations 30 minutes after the injection of the radio- 
active phosphate were 100 for plasma P, 41 for liver inorganic P, and 32 
for liver acid-labile P. This means that the acid-labile P 30 minutes after 
the injection has 75 per cent of the P® concentration of the inorganic phos- 
phate in the liver. This is probably a minimum value, since the fraction 
called liver inorganic P includes some extracellular phosphate of higher 
radioactivity. The correction for extracellular phosphate in liver is small, 
however, because of the rapid penetration of phosphate into the liver cells. 

The present studies of phosphate turnover in liver show that adenyl 
pyrophosphate is rejuvenated extremely rapidly. Rabbits were injected 
intravenously with 1000 to 1500 microcuries of P® and after 5 minutes a 
few ml. of blood were collected and the liver removed, chilled, perfused 
with cold Ringer’s solution, minced in the blender, and fixed with acid 


Tasie VIII 
P® Concentrations of Phosphate Fractions from Rabbit Liver 


Rabbit liver, perfused with cold Ringer’s solution 5 minutes after intravenous in- 
jection of radioactive phosphate (see Protocol 3). 


j 
P22, per cent of inorganic 
P activity 


Experiment 1 | Experiment 2 








; : . on 
Serum, inorganic P . Seliptpey ede nest 270 1200 


Liver, perfused. Inorganic P (smali sample)....... «| 100 100 
« “ Pyrophosphate P (small sample) ...... .| 70 
2 a ATP, ADP, pure compounds... 83 82 
a ee 3rd phosphate group of ATP......... | 80 


(see Protocol 4). Adenine nucleotides were isolated in the usual way; the 
material obtained was mainly adenosine diphosphate. 

Isotope analyses showed that within 5 minutes after the injection of 
P® the pyrophosphate of the adenine nucleotide had reached almost the 
same P* concentration as the intracellular inorganic phosphate (Table 
VIII). The rapid saturation of the liver pyrophosphate with P® is, to 
some extent at least, attributable to the absence of a phosphocreatine pool 
and to the much smaller pool of pyrophosphate in liver compared with 
muscle. The actual rate of rejuvenation of pyrophosphate P amounts to 
15 to 20 y per minute per gm. of liver. This is, however, a minimum esti- 
mate, since the P® concentration of the pyrophosphate was as high as 80 
per cent of that of the intracellular inorganic phosphate. 


DISCUSSION 


It appears from the present studies that the intracellular inorganic 
phosphate of skeletal muscle is a fraction which is particularly difficult to 
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separate from other fractions well enough to obtain reliable values for the | 


P® concentration. It was emphasized in the introduction that the pres- 
ence of a pool of extracellular phosphate having a P*® concentration many 
times higher than that of the intracellular inorganic phosphate makes it 
urgently necessary either to remove the extracellular phosphate by per- 
fusion or to try to calculate how much of the inorganic P*® is extracellular 
and how much is intracellular before any conclusions can be drawn. If 
the concentration as well as the specific radioactivity (P* concentration) 
of phosphate in plasma is known, and the extracellular space in the muscle 
is either determined or an average value, for instance 12 per cent, is used, 
it is possible from the specific radioactivity of the combined extra- and in- 
tracellular phosphate to calculate the specific radioactivity of the intra- 
cellular phosphate. 

Sacks in his publication of 1940 (2) does not give values for the phosphate 
concentration in serum nor for the P® concentration in that fraction. It 
is therefore not possible to know how large a part of the P® in the total 
inorganic phosphate belongs to the extracellular and how large a part to 
the intracellular phosphate. The studies reported by Sacks and Altschuler 
in 1942 as well as that reported by Bollman and Flock (3) furnish sufficient 
data to permit a calculation of the P® concentration of the intracellular 
phosphate. Sacks and Altschuler calculated that the P® concentration of 
plasma was 30 to 50 times higher than. that of the total inorganic phos- 
phate in muscle. The phosphate concentration in plasma was not stated. 

The results of Bollman and Flock’s studies (3), so similar to those of 
Sacks in 1940, may be interpreted in a similar manner. Rats weighing 
around 250 gm. were injected with isotopic phosphate containing as much 
as 1.5 to 7.5 mg. of P and the plasma phosphate must therefore have been 
raised considerably. 

The relation between the phosphate in the whole muscle and in the 
muscle fibers can be expressed by the equation, mg. of P of total inorganic 
P X P® concentration of total inorganic P = mg. of extracellular P K P® 
concentration of plasma inorganic P + mg. of intracellular P & P® con- 
centration of intracellular inorganic P.5 

Let the P® concentration in the whole muscle be 100 and let the P® 
concentration in plasma and extracellular space be 10-fold that of the 
muscle (7.e., 1000). The extracellular space is considered to be 10 per cent, 
which is a minimum estimate. Inorganic phosphate in resting muscle, 
including the extracellular space, does not usually exceed 25 mg. per cent; 
the latter value corresponds to 27 mg. per cent of phosphate in the muscle 
fibers (intracellular phosphate). If the plasma phosphate is raised from 
5 to 25 mg. per cent, the phosphate in the total muscle (intra- and extra- 


5 At the end of the experiment (cf. Hevesy and Hahn (21)). 
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cellular phosphate) would be 27 mg. per cent. Since the extracellular 
space was assumed to be approximately 10 per cent of the muscle and the 
P® concentration in the extracellular fluid was considered to be 10 times 
that of the combined inorganic phosphate of the muscle (7.e., 1000 per cent), 
we have 27 X 100 = 25 X 1000 X 0.10 + 27 X X XK 0.9 or 2700 = 2500 + 
27.0 x X. X = 200/27 = 7.4; therefore, the P® in the muscle fiber is 
only approximately 7 per cent of that in the directly estimated phosphate. 
Since Bollman and Flock in 1943 as well as Sacks in 1940 found the phos- 
phocreatine P and pyrophosphate P to have isotope concentrations be- 
tween 7 and 20 per cent of that of the directly determined inorganic phos- 
phate, it means that the phosphoric esters probably already had acquired 
approximately the same isotopic concentration as the phosphate. It is 
therefore not surprising that all investigators have, so far, been unable to 
find a further increase in the isotope concentration of pyrophosvhate in 
the contracting muscle. The experimental basis for Sacks’ statement (2) 
that “...the results show that adenosine triphosphate does not act as 
phosphate transporter in the formation of lactic acid . . . ” is very doubtful. 

Later, Sacks changed his views concerning the relation between the P® 
concentration of the inorganic phosphate and the labile organic phosphate. 
In the publication of 1942 (4) Sacks and Altschuler report (without any 
reference to the claims made in the paper of 1940) that the intracellular 
inorganic phosphate has an even lower P® concentration than phospho- 
creatine and adenyl pyrophosphate. They found the plasma phosphate 
to have a P® concentration 300 to 400 times that of the intracellular phos- 
phate, the latter being calculated presumably according to the equations 
used in the present paper. 

Sacks and Altschuler not only emphasized that after 30 minutes the 
phosphocreatine P and pyrophosphate in the resting muscle have the same 
isotope concentration as the inorganic phosphate in the muscle cell, but 
that the latter occasionally has a lower P® concentration than the former. 
However, the few instances in which there was found a higher P® concen- 
tration in phosphocreatine P than in inorganic phosphate show only a small 
difference (except in heart muscle) and, since the P® concentration in the 
inorganic phosphate was based on calculations, it is doubtful whether such 
a small difference permits far reaching conclusions. Sacks and Altschuler 
draw the following conclusions concerning the phosphate turnover in rest- 
ing and contracting muscle (after having stressed in the same paper that 
the P® concentration of pyrophosphate and phosphocreatine is equal to 
or even higher than that of the inorganic phosphate (4)): “The present 
data indicate that if the phosphorylating glycolysis plays any part in the 
metabolism of muscle, it should be related to the resting metabolism, and 
not to activity metabolism.” It should be clear, however, that the paper 
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does not furnish any data whatsoever which would permit statements about 
the activity metabolism. 

The inequalities in P® concentration of phosphocreatine P and of pyro- 
phosphate reported by Sacks, though they were not observed in any of the 
rabbit experiments in the present paper, are of interest, however. In 
Sacks’ experiments the hexose monophosphate function shows the same 
variations in P® concentration as are described in Table V in this paper. 
Sacks found high P® values in this fraction 2 hours after the injection of 
radioactive phosphate, particularly when the latter contained large amounts 
of ordinary phosphate. It is reasonable to assume that the P® concen- 
tration of the hexose monophosphate fraction is related to the amount of 
glycogen broken down. From the studies of Cori (17) we know that hexose 
monophosphate can be formed directly from glycogen and phosphate. 
The hexose monophosphate formed in this way can be expected to have 
a higher P® concentration than that formed from phosphorylation of 
glucose by adenyl pyrophosphate. It is not excluded that the uptake of 
phosphate in the polysaccharide molecule (phosphorolysis) is a process of 
significance for the passage of phosphate from the outside in the muscle cell. 
Such a mechanism has recently been discussed by Hotchkiss (22) in connec- 
tion with the uptake of phosphate in microorganisms. A phosphorolysis in 
the cell wall would explain the occurrence of higher P® concentration in 
the hexose monophosphate fraction than in the intracellular inorganic phos- 
phate (cf. Table V). Sacks’ claim that inorganic phosphate enters into 
the intracellular inorganic phosphate only by hydrolysis of phosphocrea- 
tine or adenosine triphosphate seems to be without sufficient experimental 
basis. 

The markedly lower P® concentration in the terminal phosphate of 
adenosine triphosphate from frog muscle as compared with the second 
group is a phenomenon which is difficult to interpret. The results might 
be explained by assuming that in frog muscle the second phosphate group 
of adenosine triphosphate is rejuvenated mainly by inorganic phosphate 
(via the lactate cycle), while the terminal phosphate group is rejuvenated 
mainly by phosphocreatine. Another possibility is that both labile groups 
are equally rejuvenated from inorganic phosphate (via the lactate cycle) 
but that in frog muscle only the terminal group is being rejuvenated from 
phosphocreatine. Mincing the muscle gives rise to a large scale hydrol- 
ysis of phosphocreatine by way of the terminal group in adenosine tn- 
phosphate; the latter is then dephosphorylated by adenosine triphos- 
phatase. This would give rise to a “‘washing out’”’ of the original terminal 
phosphate (having the same P® concentration as the second group) by 
phosphate of somewhat lower isotope concentration from the large phos- 
phocreatine pool. A third possibility is that inorganic pyrophosphate is 
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formed by phosphorylation of inorganic phosphate, and this fraction which 
would be included in the fraction of labile phosphate called group 2 would 
naturally have considerably higher P® concentration than the organic labile 
phosphate. Cori and Ochoa (23) have recently discovered formation of 
inorganic pyrophosphate in liver, and Ferdmann and Feinschmidt (24) 
found that inorganic pyrophosphate is formed during muscular work and 
in the muscles of hibernating animals (25). Although the possibility of 
pyrophosphate formation ought to be kept in mind, it is held unlikely in 
the present case for the following reason. If inorganic pyrophosphate were 
formed, it would be found in the adenosine diphosphate fraction and the 
ratio of labile to total P as well as the N:P ratio should be greatly changed. 
This is not the case, however. From Paper I (13) it will be seen that 
labile to total P as well as the N:P ratio agrees with that of adenosine 
diphosphate. 

The importance of investigating the phosphate fractions as early as 
possible after the injection of radioactive phosphate is well illustrated in 
the liver experiments. 5 minutes after the injection the pyrophosphate 
group in the adenosine triphosphate has attained 80 per cent of the P® 
concentration of the intracellular inorganic phosphate. 

Marshak’s investigations (26) of the phosphorus turnover in nucleic 
acids furnish another example of the importance of using brief incubation 
time in case data on the rate of rejuvenation of phosphate compounds 
are wanted. 


EXPERIMENTAL 


Technique—The muscle tissue was deproteinized with 2.5 per cent HgCle 
in0.6n HCl. The isolation of the adenine nucleotides and of hexose mono- 
phosphates has been described in Paper I (13). 

Inorganic phosphate and phosphocreatine were always obtained from 
asmall sample (1 to 5 gm.) of muscle tissue, which was fixed instantaneously 
in chilled trichloroacetic acid. Ammonium-magnesium mixture was added 
to the filtrate and inorganic phosphate was precipitated. The filtrate 
was acidified and ammonium molybdate was added in order to hydrolyze 
the phosphocreatine. The phosphocreatine phosphate was precipitated as 
ammonium magnesium phosphate and in some cases the supernatant fluid 
from the second precipitate was again made acid and pyrophosphate P 
hydrolyzed by 10 minutes boiling in acid. The liberated orthophosphate 
was precipitated as ammonium magnesium phosphate and the three pre- 
cipitates were analyzed for isotopic phosphate. 

In order to distinguish between organic esterified radioactive phosphate 
and impurities of strongly radioactive inorganic phosphate, the phosphoric 
ester to be investigated was subjected to a so called “washing” with ordi- 








288 REJUVENATION OF PHOSPHATE COMPOUNDS 


nary inert orthophosphate. An amount of non-isotopic phosphate con- 
taining 2 to 3 times as much P as that of the phosphoric ester fraction was 
added and the phosphate then precipitated by addition of ammonium- 
magnesium mixture. If the P® concentration decreased, it means that a 
part of the radioactivity of this fraction had been due to inorganic phos- 
phates. 

Determination of Radioactive Phosphate—Radioactive phosphate was 
determined in a Geiger-Miiller counter. A 3 ml. sample was pipetted into 
a glass vessel which could be lifted up around a Bale immersion tube (27), 
The “background” was determined before and after each series and varied 
between 2 and 4 counts per minute. The amount of radioactive material 
was so chosen that net counts of between 10 and 100 per minute were ob- 
tained. The samples to be compared were either determined on the same 
day or the values obtained were corrected for the decay of P®. The counts 
were always expressed as a percentage of the simultaneous P® count in the 
inorganic phosphate of the muscle tissue. 

Protocol 1—A rabbit weighing 4.5 kilos was anesthetized with 200 mg. of 
nembutal intravenously. A few minutes later 200 microcuries of radio- 
active sodium phosphate (0.6 mg. of P in 3 ml., pH 7) were administered 
intravenously. 15 to 20 minutes after the injection of radioactive phos- 
phate, one cannula was tied in the aorta and another in the inferior vena 
cava; the femoral artery and vein of one leg were ligated and the leg re- 
moved and chilled in ice. The other leg was perfused with chilled mam- 
malian Ringer’s solution (phosphate-free) and the perfusion fluid from the 
leg was collected through the cannula in the vena cava. When | to 1.5 
liters of fluid had passed through the leg, the perfusion was stopped and 
small samples of muscle tissue were obtained from the perfused as well as 
from the unperfused muscle. The main part of the muscles was then 
ground in a chilled meat grinder and deproteinized as described above. 

Protocol 2—A rabbit weighing 3 kilos was injected intraperitoneally with 
radioactive sodium phosphate containing 500 microcuries. After 180 
minutes the animal was anesthetized with nembutal. A blood sample was 
taken from the carotid artery and the animal was bled to death. The 
skeletal muscles were investigated according to the description above. 

Protocol 3-——A bullfrog weighing 250 gm. was anesthetized with urethane 
solution and then injected intravenously (vein in the abdominal wall) with 
radioactive phosphate (50 microcuries in 1 ml. containing 3.5 mg. of P). 
15 minutes after the phosphate injection a blood sample was collected from 
the aorta, the circulation was stopped, a glass cannula placed in the aorta, 
and the hind legs were perfused for about 10 minutes with 1 to 1.5 liters 
of chilled (0°) frog Ringer’s solution. The adductor muscles from both 
legs were frozen in dry ice, weighed, and extracted with chilled trichloro- 
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acetic acid for determination of inorganic phosphate. The main part of the 
muscles was extracted with mercuric chloride (5 per cent) in 0.5 nN hydro- 
chloric acid, and the adenosine triphosphate was isolated. The serum 
contained 27 mg. per cent of P (the greatly increased value being due to the 
injection of 3.5 mg. of P into the slowly circulating blood). The perfused 
muscle contained 16 mg. per cent of inorganic P. 

Protocol 4—A well fed rabbit weighing 2.5 kilos was anesthetized with 
nembutal and then 500 microcuries of radioactive phosphate were injected 
into the jugular vein. A blood sample was collected from a mesenteric 
vein and 5 minutes after the injection of radioactive phosphate the liver 
was removed, chilled, and perfused with 1 liter of ice-cold Ringer’s solution. 
1 gm. of liver was extracted with trichloroacetic acid, the protein filtrate 
was neutralized with ammonia, and the inorganic phosphate was pre- 
cipitated with magnesia mixture. The main part of the liver was minced 
and extracted with trichloroacetic acid and the protein-free filtrate then 
neutralized with barium hydroxide to pH 8.5. Adenyl pyrophosphate was 
isolated in the usual manner from the barium precipitate. 


SUMMARY 


The uptake of phosphate in muscle and the rate of rejuvenation of the 
labile phosphate groups have been studied by means of radioactive phos- 
phate. It has been shown that in order to study the uptake and rejuvena- 
tion of phosphate in muscle it is necessary to remove the highly radioactive 
extracellular phosphate by perfusion. 

The P® concentration in the pyrophosphate group of adenosine tri- 
phosphate and in the phosphocreatine is more than half that of the intra- 
cellular inorganic phosphate 20 minutes after the injection of the P®. The 
rate of penetration of phosphate in muscle was estimated to be approxi- 
mately 1 y of P per minute per gm. of muscle. The rate of rejuvena- 
tion of the labile phosphate groups was estimated to be 20 to 30 y of P 
per minute per gm. of muscle. 

The P® concentration of the two labile phosphate groups in adenosine 
triphosphate has been determined separately by means of hexokinase which 
transfers only the terminal phosphate to glucose. In rabbit muscle the 
P® concentration of the two labile phosphate groups was the same. How- 
ever, in frog muscle at low temperature marked differences in the P® con- 
centration of the two labile phosphate groups in adenosine triphosphate 
occur. The terminal phosphate group attained usually the same P® con- 
centration as that of phosphocreatine, whereas the second group had a 
considerably higher P* concentration. The reasons for this phenomenon 
have been discussed. 

The rate of rejuvenation of labile phosphate in adenyl pyrophosphate in 
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liver is also very high. 5 minutes after injection of P® the labile phosphate 
in adenyl pyrophosphate has attained a P® concentration 80 per cent of that 
of the intracellular inorganic phosphate. The rate of rejuvenation was 
calculated to be about 15 y of P per gm. of liver per minute. 

The turnover of phosphate in vivo in various tissues was found to be much 
higher than that reported by a number of other authors. There are two 
main reasons for this disagreement. The first is that a number of investi- 
gators have failed to take into account the extracellular phosphate which 
must be separated from the intracellular phosphate. The P® concentration 
of the organic phosphate has to be compared with the true intracellular 
inorganic phosphate. 

The other reason is that until recently most investigators have been 
using by far too long an incubation time, from 1 to several hours, thus in- 
vestigating the phosphate fractions a long time after they have reached the 
same P® concentration as that of the intracellular inorganic phosphate, 
In the present paper the liver tissue was fixed 6 to 7 minutes after the in- 
jection of P® in the animal and the labile phosphate of adenyl pyrophos- 
phate had already attained a P* concentration which was very near that 
of the intracellular inorganic phosphate. 
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THE ACONITE ALKALOIDS 


XV. THE NATURE OF THE RING SYSTEM AND CHARACTER OF THE 
NITROGEN ATOM 
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It has been fairly definitely established that aconine and delphonine, the 
alkamines of aconitine and delphinine, respectively, possess the formula- 
tions CxsHy,O,N and CyH30;N. The oxygen atoms are contained in 
hydroxy] and methoxy] groups and, since no unsaturation has been detected 
by hydrogenation studies, it has been concluded that these bases and others 
of the series, such as mesaconine, hypaconine, etc., are derived from a 
hexacyclic system which contains an alkylated nitrogen atom. The second 
group of alkaloids, such as atisine, staphisine, and kobusine, of much lower 
toxicity, which may predominate or accompany the above alkaloids in the 
original plant, has naturally been suspected to be structurally related to the 
first group. In the case of the second group of bases, the formulations 
have been determined only in certain instances with a fair degree of as- 
surance. As a rule, they have been found from hydrogenation studies to 
be unsaturated, but in the case of heteratisine, which contains a lactone 
group, no unsaturation could be detected by this means. However, it is 
now well known that the failure to hydrogenate does not exclude the pres- 
ence of resistant double bonds or other points of unsaturation. Since 
such information is so essential to the whole problem of the structure of 
these bases, we have sought to supplement the hydrogenation results by 
ultraviolet absorption spectra studies. This has yielded very interesting 
results. 

The alkamines included in this study were aconine and delphonine, 
atisine, dihydroatisine, tetrahydroatisine, isoatisine, and heteratisine. In 
addition there were studied delphonine methochloride, its free quaternary 
base, the N-methyl-des base, and finally pyrodelphonine and a-oxodel- 
phonine. With the exception of the delphonine derivatives, these sub- 
stances have been described in previous publications (1). Since atisine and 
aconine were not crystalline, the bases were liberated from the crystalline 
hydrochlorides for the absorption study. Thus far, all attempts to prepare 
delphonine or its hydrochloride in crystalline form have been unsuccessful. 
However, a study of the saponification rates of delphinine has shown that 
the acetic and benzoic ester groups are very rapidly hydrolyzed when the 
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alkaloid is heated with a slight excess of very dilute sodium hydroxide. 
It is probable that they are attached to either primary or secondary hy- 
droxyl groups. The resulting delphonine could be distilled readily ing 
molecular still heated at 140°. The distillate appeared to have some of 
the characteristics of a crystalline substance and melted rather sharply at 
76-78°. But all attempts to crystallize the base from a solvent or to ob- 
tain a crystalline salt were unsuccessful. The product so obtained was 
optically active and gave analytical data in agreement with the formula- 
tion Cy,H3g0;N. This preparation was used for the studies reported below, 

Pyrodelphonine and a-oxodelphonine, also amorphous, were prepared in 
a similar manner by saponification of pyrodelphinine and a-oxodelphinine 
(2), respectively. Delphonine methochloride and its hydroxide were obtained 
in the usual way from the crude methiodide, which was formed by treatment 
of delphonine with excess methyl iodide. The N-methyl-des base, which 
was also not crystalline, was obtained by distilling the quaternary hydroxide 
in a molecular still. 

The ultraviolet absorption spectrum curves obtained! with these sub- 
stances were determined with a Beckman quartz spectrophotometer. 
These curves are presented in Figs. 1 to 7. 

Aconine, delphonine, heteratisine, and also tetrahydroatisine in solution 
as bases all show a strong absorption within the range of 2200 to 2600 
A, although it is of the uneventful type with no apparent maxima 
or minima. ‘This is in the region of the spectrum where conjugated double 
bonds are known to absorb (3), but a maximum is usually to be expected 
with such conjugation. However, if a nitrogen is involved in some way 
with the double bonds, a somewhat different picture may be presented. 
This is shown by the absorption spectrum of pyrrole, which has the same 
type of absorption in the region we have investigated, but which also shows 
& maximum at shorter wave-lengths (4). Because of the limitations of 
our procedure and apparatus, we did not obtain data at such short wave 
lengths. But, even if maxima were present in this region in a more com- 
plicated molecule which contains many hydroxyl groups, they could be 
overshadowed by absorption from such groups. In our apparatus, N- 
methylpyrrole has given the type of absorption shown in Fig. 2. Since all 
of the oxygen atoms of these alkamines are present in hydroxyl or methoxyl 
groups, and the nitrogen atom is tertiary apparently with an alkyl group 
attached, it appears probable that the absorption must be due to a con- 


1 In the preliminary stages of this work, a number of absorption spectra curves 
were kindly furnished us by Dr. G. I. Lavin, and determined with a Spekker spectro- 
photometer and a small Hilger quartz spectrograph. The curve of dihydroatisine 
given in Fig. 6 was one of these. 
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jugated unsaturation of some kind.*? However, all attempts to detect 
double bonds in these substances by hydrogenation have failed. Ex- 
perience (3) has shown that a single isolated double bond is not sufficient 
to cause the amount and type of absorption in the region which has been 
found. If this behavior is correctly interpreted, it appears that two of the 
assumed six rings of these alkaloids (aconine and delphonine) may be ac- 
counted for by unsaturation of some type which is difficult to detect by 
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Fic. 1. + = delphonine in dilute NaOH; X,in dilute HCl. © = aconine in dilute 
NaOH; @, in dilute HCl. 

Fic. 2. @ = N-methylpyrrole in ethanol. + = tetrahydroatisine in ethanol. 
O = heteratisine in ethanol; X, in ethanol containing HC}. 


hydrogenation, but which functions as a chromophorically active system. 
This would imply that the ring structure of the aconite alkaloids, at least in 
the form of free bases, could be of tetracyclic character. 

In a previous paper (6) of the series, the possibility of a relationship 
between the simpler aconite alkaloids and the diterpenes has been sug- 
gested. If this possibility should prove to be correct, then theaconite 
alkaloids could be built up from the three rings present in the diterpenes by 


*The recent experience of Klotz (5) with a cyclopropane ring conjugated to a 
double bond suggests that such an arrangement is a possibility which cannot be 
excluded in this problem. 
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addition of a fourth heterocyclic ring which contains the tertiary nitrogen. 
While such a view has many attractive possibilities from the standpoint of 
structure, it must be regarded, at the moment, as only a tentative, working 
hypothesis. 

The correct derivation and interpretation of the formulations of the 
aconite bases as a class now become of greater importance. On the basis 
of available data, it has been assumed heretofore that the alkamines of the 
more complicated aconitine alkaloids contain 19 carbon atoms (7) exclusive 
of those contained in methoxy! groups and the alkyl group attached to the 
nitrogen. However, in this respect a number of the simpler bases, viz, 
heteratisine (1), hetisine, and kobusine (8), appear to contain 20 carbon 
atoms, while others, such as atisine, napelline, and staphisine, appear to 
contain 21 carbon atoms unless the N-alkyl group should prove to be ethyl 
instead of the assumed methyl group. Formulations containing 20 carbon 
atoms would fit in with the postulated relationship to the diterpenes. 
Even if it should be confirmed that aconine, delphonine, and the like are 
derivatives of a nitrogen-containing hydrocarbon of 19 carbon atoms, this 
could be explained through loss of one of the diterpene methyl groups. 
The derived formulations of some of these alkaloids are still open to question, 
especially in the case of staphisine and napelline, and perhaps atisine. 
All must now be critically reexamined and the exact nature of the N-alkyl 
group assumed to be methyl must be determined. Such work is in progress 
in this laboratory. 

In order to make the absorption spectrum studies complete, we have 
determined the absorption of the alkaloids in acid as well as in basic solu- 
tion,’ and striking changes have been noted. It was found that those 
alkamines, viz. aconine, delphonine, heteratisine, and tetrahydroatisine, 
which as free bases appeared to possess two conjugated double bonds or 
points of unsaturation, all showed as salts a marked shift in the position 
and intensity of the absorption. The hydrochlorides of these bases now 
absorbed in a manner which could be ascribed possibly to a single double 
bond as modified by the presence of the nitrogen and the hydroxyl] groups 
present. Irrespective of such interpretation, an examination of Figs. | 
and 2 will show the striking shift in the absorption, due to the presence of 
excess acid. In the case of tetrahydroatisine, the absorption was so weak- 
ened that it could not be measured as the salt in excess hydrochloric acid. 
It therefore would seem that the double bonds or points of unsaturation in 


*It was found by experience that an appreciable excess of HCl above that re- 
quired to form the salt had little effect on the absorption of the salt. Likewise, alkali 
in excess of that required to liberate the base had little effect on the absorption of 
the base. For convenience, therefore, the exact amount of excess acid or alkali is 
not recorded. Final concentrations of acid or alkali were never greater than 0.01 M. 
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these bases are adjacent or connected in some way to the nitrogen atom. 
It has already been shown in the case of kobusine that double bonds 
are associated with its nitrogen atom (8). N-Methylpyrrole (Fig. 2) did 
not show an appreciable shift in acid solution. 

In connection with these observations, it was of interest to determine 
the dissociation constants of several of these bases, since it is well known 
(9) that the proximity of a double bond to a basic nitrogen can reduce the 
strength of the base. The pH at 24° of solutions of delphonine partially 
neutralized with HCl was determined by use of the glass electrode.‘ In 
Fig. 3, the relationship of pH to the degree of neutralization is shown. At 
the half neutral point, the pH proved to be 10.02, which shows delphonine, 
in spite of its unsaturation, to be a surprisingly strong base and of the same 
order of strength as trimethyl- or triethylamine (10), which at the half 
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Fic. 3. Titration of delphonine 


neutral point have given pH values of 9.76 and 10.70, respectively. This 
might be explained by the assumption that in aqueous solution the alkaloid 
exists as an equilibrium mixture in which a small percentage is present with 
the nitrogen in a quaternary form. 

Adams and Mahan (11) have recently studied a series of tertiary vinyl 
eyclic amines and found them to be unexpectedly strong bases, of about the 
order we have now observed with delphonine. They explained the unex- 
pected strength by the theory that the bases exist in solution as an equi- 
librium mixture, consisting of the tertiary unsaturated base and a quater- 
nary rearrangement product in which the double bond has migrated to the 
nitrogen. This appears to be a logical explanation of the behavior which 
they encountered with their bases, and it would offer a good explanation for 


*We are indebted to Dr. Alexandre Rothen, of The Rockefeller Institute for 
Medical Research, for making these measurements for us. 
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the behavior we have found with delphonine, as far as its basic strength ig 
concerned. 

Whether or not such a theory would adequately explain the change of 
absorption spectrum with pH, which has been observed with our bases, ig 
not at present entirely clear. The marked reduction of the ultraviolet ab- 
sorption in acid solution might be due to the migration of one of the double 
bonds to an unconjugated position, to the disappearance of a point of un- 
saturation through ring formation, or to some other unexplained rearrange- 
ment. Marked shift of absorption spectrum with change of pH is not 
uncommon with unsaturated nitrogen heterocycles, in which several 
resonating forms are possible, and has been observed with pyrimidines 
(12), aniline (13), vitamin B, (14), and others, although these systems are 
more or less aromatic in character. 

The dissociation constant of aconine was found to be slightly less striking 
(pH = 9.52 at the half neutral point), but still much higher than would be 
expected if double bonds are associated with the nitrogen. The shiftof 
the absorption spectrum with change of pH was entirely analogous (Fig. 1) 
to that found for delphonine. 

The behavior of a-oxodelphonine has a definite bearing on the observa- 
tions thus far described. a-Oxodelphonine differs from delphonine (at 
least in part) by having 2 hydrogens presumably on a carbon atom adjacent 
to the nitrogen replaced by an oxygen, and is thus a cyclic amide, since it 
exhibits no marked basic properties. It shows an absorption spectrum 
which is similar to that of delphonine in alkaline solution (Fig. 4). Al 
though the absorption is somewhat more intense in the shorter wave- 
lengths, it is somewhat less in the longer wave-lengths. It is suggested 
by the type of curve shown that the CO group in the amide linkage isnot 
conjugated to the two other conjugated points of unsaturation. No ap- 
preciable shift was observed when the solution was made acid with HCl. 

The effect on the ultraviolet absorption of the methylation of the nitro- 
gen of delphonine has also been studied. Although delphonine methiodide 
could not be crystallized, it was converted to the quaternary base by re- 
moval of iodine with excess silver oxide. After removal of solvent, the 
base was directly used for the absorption spectrum study shown in Fig. 5. 
The quantitative aspects of these curves are somewhat less reliable because 
of manipulative difficulties with the substance, but the general picture 
appears to be clear cut. There was a much smaller shift in the absorption 
spectrum over most of the range when the solution was made acid, but the 
result seemed to be somewhat clouded by another type of equilibrium which 
caused absorption in the longer wave-lengths. A pale yellow color was 
present in alkaline solution, which disappeared on acidification and reap- 
peared on addition of alkali. The solutions appeared to be compara 
tively stable. 
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When the quaternary base was distilled in a molecular still, a distillate 
was obtained in good yield which, like delphonine, could not be crystallized, 
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Fig. 4. O = oxodelphonine in H,O; X,in dilute HCl. @ = N-methyl-des-delph. 
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Fic. 5. © = delphonine methochloride in dilute HCl; @, in dilute NaOH 


but which gave good analytical data for the N-methyl-des base. Such a 
base should normally possess a double bond in addition to those present 
in delphonine. The absorption spectrum observed (Fig. 4), as well as 
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the analytical data, strongly indicates the presence of such an additional 
double bond, since the absorption was shifted greatly toward the longer 
wave-lengths. The striking observation was now made that only an inap- 
preciable shift of the absorption appeared on acidification. 

All attempts to carry the Hoffmann degradation beyond this point, in 
order to eliminate the nitrogen, have been unsuccessful. The nitrogen 
must, therefore, be either so closely associated with double bonds or so 
highly hindered as to interfere with such degradation. 
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Fic. 6. O = pyrodelphonine in H,O; X, in diluteHCl. @ = dihydroatisine in 
ethanol; +, in ethanol with HCl added. 


Pyrodelphonine, obtained by saponification of pyrodelphinine, differs 
from delphonine empirically by a molecule of water. The absorption spec- 
trum of this base (Fig. 6) suggests that the difference in structure consists 
in the presence in the pyro compound of a new double bond which is 
conjugated in some way with those already present in delphonine since, 
as in the case of N-methyl-des-delphonine, the absorption is displaced 
greatly toward the longer wave-lengths. However, this absorption does 
not coincide with that of the latter compound, and a large shift is observed 
on acidification. The arrangement of the double bonds, therefore, would 
appear to be different than in the case of the N-methyl-des base. The 
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absorption in acid solution is now quite similar to that observed for delpho- 
nine in alkaline solution, an observation not unexpected if acidification 
relieves one of the double bonds of the ability to contribute to the absorp- 
tion at the wave-lengths under consideration. In the latter case, two 
conjugated double bonds could still remain. Pyrodelphonine was found 
to be a considerably weaker base (pH = 8.21 at the half neutral point) 
than delphonine. 

The absorption curves of atisine, isoatisine, and dihydroatisine (Figs. 6 
and 7) all resemble each other in general form, although there appears 
to be no maximum or minimum. All three contain double bonds which 
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Fic. 7. O = atisine hydrochloride in ethanol; @, in ethanol with excess NaOH 
added. + = isoatisine hydrochloride in ethanol; X, in ethanol with excess NaOH 


can be recognized by hydrogenation. All three show a certain shift upon 
acidification. The shift of the curve for dihydroatisine is in the same direc- 
tion noted in the case of delphonine, but the hydrochloride still strongly 
absorbs. Atisine and isoatisine show stronger absorption as the salt in 
acid solution than as the free base in alkaline solution. 

Heteratisine gives a similar type of absorption (Fig. 2). It also shows 
a similar shift upon acidification. 

The studies described above are not in themselves sufficient to derive 
& special type of structure, but they appear to limit the possibilities which 
may be considered in the derivation of the structures of these alkaloids, 
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especially if the assumption of a relationship to the diterpenes should prove 
to be correct. Although such a relationship is indicated only by the evi- 
dence obtained with the atisine type of base, it may be inferred also in the 
case of the aconine type of bases. The resemblance in structure between 
the two types already probable, since they occur together in the same 
plants, appears now strengthened by the indication that the configuration 
involving the nitrogen must be similar in order to show the unique absorp- 
tion spectrum behavior given above. 

The data which have accumulated might serve as a basis for further 
speculation regarding the structure of this little understood group of 
alkaloids. If the relationship to the diterpenes (6) should prove to be cor- 
rect, only certain structures would be possible within the limitations im- 
posed by the empirical formulas and the data given above. One of these 
possibilities is presented, merely as an example, in Formula I. The posi- 
tions of the nitrogen and of the heterocyclic ring have been arbitrarily 


CH, CH, 


CH, 
ats 


| 


CH, 


Formula I 


chosen. The hypothesis that they involve the isopropyl side chain would 
afford sufficient flexibility in structure to explain the data presented in 
this paper. 


EXPERIMENTAL 


Delphonine—2 gm. of crystalline delphinine were dissolved in 20 cc. of 
hot ethanol, and 10 cc. of 1.056 n NaOH were added. The solution was 
heated for 5 minutes on the steam bath. The ethanol was then quickly 
removed under reduced pressure, and the alkamine was extracted from the 
alkaline solution with ether. The concentrated extract was distilled in 
a molecular still. Approximately 1 gm. of material distilled in about an 
hour at an oil bath temperature of 140°, and with the pressure varying 
from 0.001 to 0.0001 mm. The distillate formed a brittle, possibly semi- 
crystalline resin, with a rather sharp melting point of 76-78°. It could 
not be induced to crystallize from any solvent. 
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[a] = +37.5° (c = 3.2 in ethyl alcohol) 
CauH3,07N. Calculated. Cc 63.53, H 8.67, OCH; 27.35, (N)CH; 3.31 
Found. * GAG, @ SST, :?* 0S, i” 3.34 


Pyrodelphonine—2 gm. of pyrodelphinine (2) were hydrolyzed as given 
above for delphinine. Although the substance was rather sparingly soluble 
in the hot ethanol, solution rapidly occurred on addition of the alkali. 
0.73 gm. of material distilled in the molecular still in a little over an hour 
under conditions similar to those of the previous case. The distillate 
formed a resin which could not be crystallized from any solvent. 


CaHs70sN. Calculated. C 66.16, H 8.57, OCH; 28.49 
Found. ‘eh 27.95 


a-Oxodelphonine—a-Oxodelphinine (2) was hydrolyzed in the same man- 
ner. A slightly higher temperature (170—180°) than in the case of the 
above substances was required for the distillation of the resulting product. 
The distillate had much the same appearance, and likewise could not be 
crystallized from any solvent. 


CosHs7OgN. Calculated. C 61.63, H 7.98, OCH; 26.53, (N)CHs; 3.21 
Found. aan tan. 26.31, ™ 0.85 


The very low (N)CHs; determination is in agreement with the former 
experience with the oxodelphinines (2). 

N-Methyl-Des-Delphonine—A solution of delphonine in excess methyl 
iodide was heated in a sealed tube at 100° for 3 hours. A resin of the 
methiodide separated. After removal of excess methyl iodide, the resin 
was dissolved in methanol. The halogen was removed from the solution 
with excess silver oxide. The filtrate was concentrated and placed in a 
molecular still. A good yield of material distilled at a bath temperature 
of 180-200° under a pressure varying from approximately 0.01 mm. to 
0.0001 mm. during a little over an hour. The distillate formed a resin 
which could not be erystallized. 


CoxsHwO;N. Calculated. C 64.20, H 8.86, OCH; 26.53, (N)CH; 6.42 
Found. “G2, "tm, “~ Wa; " 4.40 


All analyses were performed by Mr. D. Rigakos. 
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LETTERS TO THE EDITORS 





THE NON-APPEARANCE OF SALICYLATES IN THE URINE 
AFTER THE ADMINISTRATION OF DICUMAROL 


Sirs: 


The production of a hypoprothrombinemic state by dicumarol [3 ,3’- 
methylenebis(4-hydroxycoumarin)],! the in vitro degradation of dicumarol 
to 2 equivalents of salicylic acid,! and the demonstration of a hypopro- 
thrombinemic state following administration of large doses of salicylates* 
have led to the suggestion that the hypoprothrombinemia following 
dicumarol occurs from the formation of salicylates. The occurrence of 
salicylates in the urine after administration of dicumarol has not been 
reported. Since the major portion of administered salicylate is excreted 
in the urine, the urine of rats given dicumarol was analyzed for total 
salicylates. The method, to be described later, is similar to that of Brodie, 
Udenfriend, and Coburn,’ but involves the ether extraction of a sulfuric 
acid hydrolysate and the colorimetric estimation of the salicylic acid in the 
residue of the ether extract with ferric chloride. Dicumarol does not inter- 
fere in the analytical determination. 

Rats maintained on the same stock diet were divided into three groups: 
those of one group received daily for 3 days 25 mg. of synthetic dicumarol* 
suspended in 1 cc. of 10 per cent gum acacia; another group, 25 mg. of 
sodium salicylate dissolved in 1 ce. of 10 per cent gum acacia; and a third 
group, as controls, 1 cc. of 10 per cent gum acacia only. The urines were 
pooled each day from each group, acidified, and kept at 6° until analyzed. 

The rats given sodium salicylate excreted 21.0 mg. of salicylate (as 
sodium salicylate) per day per rat. Those given dicumarol excreted none. 


‘Stahmann, M. A., Huebner, C. F., and Link, K. P., J. Biol. Chem., 188, 513 
(1941). 

* Link, K. P., Overman, R.S., Sullivan, W. R., Huebner, C.F ., and Scheel, L. D., 
J. Biol. Chem., 147, 463 (1943). 

* Brodie, B. B., Udenfriend, 8., and Coburn, A. F., J. Pharmacol. and Exp. Therap., 
80, 114 (1944). 

‘ Supplied through the courtesy of Werner Bergmann, Sterling Chemistry Labora- 
tory, Yale University. 
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This finding, as to dicumarol, is substantially in agreement with the results 
of Sullivan and Huebner.’ 

Blood was drawn on the 4th day, 24 hours after the last administration 
and the prothrombin time of 12.5 per cent plasma determined.* That for 
the rats used as controls averaged 32.1 seconds, for the rats given salicylate, 
27.2 seconds, and for the rats given dicumarol, no clotting occurred within 
5 minutes. The rats given dicumarol died on the 5th day. 

The recent work of Kabat, Stohlman, and Smith’ has shown that in- 
dandione and its derivatives are similar in hypoprothrombinemic action to 
dicumarol and that 2-pivalyl-1 ,3-indandione, in particular, is practically as 
effective as dicumarol; it would be highly unlikely that these substances 
would yield salicylic acid as a metabolite. If a substance exerts an effect 
through a metabolite, it may be assumed that the metabolite is at least as 
potent in causing the same result; dicumarol is, however, 25 to 100 times 
as effective as the salicylates in producing hypoprothrombinemia. It is 
also well recognized that vitamin K in a small dose will protect the rat 
against the hypoprothrombinemia from a single large dose of salicylate, 
while a massive dose of the vitamin is required to counteract the effeets 
of a single small dose of dicumarol. 

The present results, taken together with the arguments outlined above, 
strongly indicate that dicumarol does not cause hypoprothrombinemia 
through the intermediation of salicylates. 


Laboratory of Applied Physiology Davip LESTER 
Yale University 
New Haven 
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* Sullivan, W. R., and Huebner, C. F., private communication from Karl P. Link. 

* Campbell, H. A., Smith, W. K., Roberts, W. L., and Link, K. P., J. Biol. Chem., 
138, 1 (1941). Overman, R.S., Stahmann, M. A., Sullivan, W. R., Huebner, C. F., 
Campbell, H. A., and Link, K. P., J. Brol. Chem., 142, 941 (1942). 

’ Kabat, H., Stohlman, E. F., and Smith, M. I., J. Pharmacol. and Exp. Therap., 
80, 160 (1944). 
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MICROBIOLOGICAL METHOD FOR THE QUANTITATIVE 
DETERMINATION OF SMALL QUANTITIES OF 
POTASSIUM 


Sirs: 


The essential nature of the potassium ion for plant life has been known 
for some time. Recently it was found that the growth of yeasts, and the 
growth, acid production, and pH change by Lactobacillus caset No. 7469, 
respond quantitatively to increasing concentrations of potassium. It was 
also found that sodium and the ammonium ion do not replace potassium 
and do not interfere with the quantitative response to potassium by these 
organisms. Because of these facts and also because the difficulty of 
determining potassium in the presence of certain other ions is conceded, it 
seemed profitable to devise a microbiological method for the quantitative 
determination of small quantities of potassium. 

The medium used contains casein hydrolysate, glucose, phosphate, 
adenine, guanine, xanthine, uracil, sodium acetate, asparagine, trypto- 
phane, cystine, methionine, mineral salts, and vitamins, but no added 
potassium. It is a modification of the medium employed by the author.! 
The assay procedure was similar to that of microbiological methods for the 
assay of vitamins and amino acids. Especially purified KCl was used in 
the medium and a standard curve was constructed from the results of acid 
production or pH change at levels of 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, and 14 y 
of K* per ml. of medium. 

The salts noted in the table were dried and solutions of each were made to 
the designated concentrations. The assayer was not informed as to the 
nature of the salts and knew them only by code letters.2 He was told only 


Results of Microbiological Assay for Potassium 








Quantity of potassium 











Salt I moe: Jaen a 

Present Found Difference 
+ per ml. ¥ per mil. per cent 
KNO, 167.7 169 +0.78 
KCl... sees see 145.6 140 | —3.85 
- eae 161.0 166 | +3.10 
KH,PO,.... 149.2 154 +3.22 


NaKC,H,O,. | 94.9 92 —3.06 








' Rogosa, M., J. Bact., 47, 159 (1944). 
* The author is indebted to G. A. Ramsdell for making the solutions and coding 
the samples. 
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that any one of the solutions might contain between 100 and 200 y of K+ 
per ml. 

It should not be concluded at this time that this method will uniformly 
be as precise as the table indicates or that the method can be applied 
routinely to biological materials. Experiments extending the method to 
biological materials are in progress and possible non-specific stimulation is 
being investigated. The general principle of the method has been valid 
thus far and it is hoped that further investigation will permit the method 
to be applied generally. 

Bureau of Dairy Industry M. Rogosa 

Agricultural Research Administration 


United States Department of Agriculture 
Washington 


Received for publication, April 25, 1944 
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THE RELATIONSHIP OF ADENOSINE POLYPHOSPHATES TO 
FATTY ACID OXIDATION IN HOMOGENIZED 
LIVER PREPARATIONS 


Sirs: 


The failure or only partial success of some investigators' to obtain re- 
producible oxidation of the higher fatty acids by broken cell preparations 
of liver can be explained by assuming that adenosine triphosphate (or 
diphosphate) is required to initiate fatty acid oxidation. The bas‘s for 
this assumption is implicit in their data and certain other considerations. 

It was found possible to demonstrate, in quantitatively reproducible 
experiments, considerable extra oxygen uptake due to added normal sat- 
urated fatty acids having from 4 to 18 carbon atoms by rat liver homo- 
gehates supplemented with cytochrome. This occurred only when ATP, 
ADP, the corresponding inosine nucleotides, or compounds capable of 
phosphorylating adenylic acid were added. Adenylic acid alone was in- 
active. This activation could also be demonstrated by aerobic phosphory- 
lation of adenylic acid by oxidation of pyruvate or fumarate in liver homo- 
genates fortified with Mg**, K+, diphosphopyridine nucleotide, and cyto- 
chrome. 

The rate of oxidation was found to depend on the adenosine polyphos- 
phate concentration; optimum results were obtained at 0.0025 mM, a con- 
centration comparable to that existing in quick frozen intact liver. 

The activation of octanoic acid oxidation by ATP is shown in a typical 
experiment: 0.20 ml. of H,O or sodium octanoate solution was tipped into 
0.25 ml. of rat liver homogenate (chilled liver homogenized with 2 volumes 
of Krebs-Ringer phosphate buffer, pH 8.0, without Ca**), 0.25 ml. of ATP 
(or water), 0.10 ml. of cytochrome solution, and 0.20 ml. of 0.13 m phos- 
phate buffer, pH 8.0. Final concentrations, 4 xX 10° m cytochrome, 
0.0025 m ATP, 0.0025 m octanoate. Time 30 minutes; temperature 25°. 
Gas phase, air. Octanoate was determined by distillation. 





System Substrate Os uptake Octanoate removed 











a micromoles micromoles 
1. Complete + ATP..... seeensesl - 2.4 

2. ” Fase + 7.0 1.72 
3. . a tee _ 2.4 

4 m” = © cocoei + 1.6 —0.13 








1 Quastel, J. H., and Wheatley, A. H. M., Biochem. J., 27, 1753 (1983). Leloir, 
L. F., Mufioz., J. M., Biochem. J., 38, 734 (1939). Mufioz, J. M., and Leloir, L. F., 
J. Biol. Chem., 147, 355 (1943). 
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The mechanism of the activation is being investigated and the data 
obtained suggest the intermediate formation of acyl phosphates. Prelim- 
inary experiments with synthetic acyl phosphates having from 8 to 16 
carbon atoms indicate that they do not require ATP for oxidation in the 
above system. After hydrolytic destruction by acid, these synthetic prep- 
arations do require ATP activation. Final crucial experiments to test 
this hypothesis await complete purification of the acyl phosphates. 


Department of Physiological Chemistry ALBERT L. LEHNINGER 
Medical School 
University of Wisconsin 
Madison 
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THE UTILIZATION OF ACETIC ACID FOR FATTY ACID SYN- 
THESIS 


Sirs: 


No information is available as to the intermediates in the biological 
synthesis of fatty acids from carbohydrates. In earlier experiments' with 
dueterio acetate the isotope concentrations found in the fatty acids were 
not significant. We have now prepared a sodium acetate containing 19.6 
atom per cent excess C™ in the carboxyl group and a high concentration 
(77 atom per cent excess) deuterium in the methyl group. This acetate 
was fed to mice at a level of 1.6 mm per 100 gm. of body weight for 8 days. 
Fatty acids were then isolated from the pooled livers and skinned carcasses. 
A sample of respiratory CO, was obtained 15 minutes before the end of the 
experimental period. Glycogen (11.3 mg.) was isolated from the livers. 

From the total fatty acids of the liver (238 mg.), 48 mg. of saturated 
fatty acids were isolated. After their analysis for C“ and D, the remain- 
ing 44 mg. were decarboxylated? in order to determine the concentration of 
C8 in the carboxyl group. The fatty acids of the skinned carcasses (2.3 
gm.) were separated in a similar manner. The isotope concentration of 
the various fractions are given in the table. 


Sodium Acetate Fed, 9.8 Atom Per cent Excess C™, 77 Atom Per Cent Excess D 























Atom per cent excess 
Carcass Liver 
co | D ~T - 
. — wil poo orien > 
Total fatty acids er 0.13 0.103 0.32 
OG CAGES GOB. os... 5 nkdsvscc> cen chine eu 0.101 0.24 0.160 | 0.42 
Carboxy! carbon of saturated fatty acids.......| 0.179 0.290 
Glycogen 5 wp nadine on 0.038 


The dueterium concentration of the body fluids at the end of the experi- 
ment was 0.09 atom per cent excess. The respiratory CO, during the last 
15 minutes contained 0.066 atom per cent excess C™. 

A similar experiment was carried out with growing rats. They were fed 
for 3 days acetate containing 9.8 atom per cent excess C" at a level of 1.6 
mM per 100 gm. of body weight. The total fatty acids contained 0.040 
atom per cent excess C™ and the carboxy! carbon of the total acids con- 
tained 0.090. 


' Bloch, K., and Rittenberg, D., J. Biol. Chem., 145, 625 (1942). 
? Easterfield, T. H., and Taylor, C. M., J. Chem. Soc., 99, 2298 (1911). 
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In connection with these findings, the work of Sonderhoff and Thomas 
with yeast® and the short time experiments of Buchanan, Hastings, and 
Nesbett* with rats are of interest. The results here reported furnish 
positive evidence for the utilization of the carbon of the carboxyl group of 
acetic acid for fatty acid synthesis. 

On complete combustion, the carbon of the diet of the mice (0.5 atom of 
carbon per day per 100 gm. of body weight) should yield CO, with an 
average C™ concentration of about 0.07 atom per cent excess. As the con- 
centrations found in the fatty acids are in all cases higher than this value, 
the results cannot be due to CO, assimilation. Moreover, as after the 
feeding of the deuterio acetate for 8 days the fat had a deuterium concen- 
tration of 1.5 to 4.5 times that of the body fluids, utilization of the methyl, 
as well as the carboxyl, groups of acetate must have occurred. The fact 
that the C" concentration of the carboxy] carbon atom is approximately 
twice that of the total molecule suggests that the fatty acids are synthesized 
by successive condensations of C2 units. 


Department of Biochemistry D. RiTrTENBERG 
College of Physicians and Surgeons KonrapD BLock 
Columbia University 
New York 


Received for publication, May 19, 1944 


* Sonderhoff, R., and Thomas, H., Ann. Chem., 530, 195 (1937). 
‘Buchanan, J. M., Hastings, A. B., and Nesbett, F. B., J. Biol. Chem., 160, 413 


(1943). 
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THE VITAMIN ACTIVITIES OF “PYRIDOXAL” AND “PYRI- 
DOXAMINE” 


Sirs: 


It was earlier demonstrated! that one or more substances occur naturally 
which have far greater activity in promoting growth of lactic acid bacteria 
in a pyridoxine-free medium than does pyridoxine itself. Our investiga- 
tions revealed that mixtures with heightened growth-promoting activity 
for lactic acid bacteria were formed from pyridoxine by (a) procedures 
causing possible amination of pyridoxine and (b) those causing partial 
oxidation.2 Indirect evidence showed the active compound produced 
by amination to be an amine; that by oxidation, an aldehyde. Adoption 
of a hypothesis providing for biological interconversion of the active com- 
pounds (see below) reduced the possible structures to three each for the 
amine and the aldehyde. Synthesis of four selected compounds of definite 
structure should test the hypothesis decisively, and furnish the two active 


products. 


CH:OH CHO 
H H,OH — H H,OH = 
CH; N oh 
I II 
Pyridoxine Pyridoxal 
CH=NH CH:NH; 
HO CH,OH — HO H,OH 
me CH; N 
Ill IV 
Pyridoxamine 


At this stage in the investigation, cooperation of the research staff of 
Merck and Company, Inc., was enlisted. Biological test of the compounds 
prepared by them? revealed 2-methyl-3-hydroxy-4-formyl-5-hydroxymeth- 
ylpyridine (II) and 2-methy]-3-hydroxy-4-aminomethy]l-5-hydroxymethyl- 
pyridine (IV) to be the active aldehyde and amine, respectively (see the 
table). When pyridoxamine or pyridoxal is used as a standard of com- 


' Snell, E. E., Guirard, B. M., and Williams, R. J., J. Biol. Chem., 143, 519 (1942). 

* Carpenter and Strong (Arch. Biochem., $3, 375 (1944)) have also shown that mild 
oxidation of pyridoxine yields a substance with increased activity for L. casei. 

* Harris, 8. A., Heyl, D., and Folkers, K., J. Biol. Chem., 164, 315 (1944). 
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parison with S. lactis, values for the ‘‘B,” content of natural materials are 
obtained similar to those indicated by yeast assay, instead of the absurdly 
high values obtained against a pyridoxine standard.! Considerable evi- 
dence indicates that these compounds or their higher combinations are 
responsible for the ‘“pseudopyridoxine”’ activity of natural materials. 


Comparative activity 


Organism* —- : . 
he Ge cue Pyridoxa] Pyridoxamine 
Streptccoccus lactis R 1.0 5000-8000 6000-9000 
Lactobacillus casei 1.0 1000-1500 3-10 
Saccharomyces carlsbergensis 1.0 0.9-1.4 0.8-1.3 


* Assays with S. lactis and L. casei were performed essentially as described pre- 
viously! except that samples were added aseptically after sterilization of the 
medium.‘ Assays with yeast were performed by a slight modification of the method 
of Atkin et al.5 


A plausible hypothesis is that transformation into pyridoxal, pyridox- 
amine, or substances derived from them is required for fulfilment of the 
catalytic function of pyridoxine in all organisms. Organisms such as 
yeast, for which pyridoxine has full activity, effect this transformation 
without difficulty; most lactic acid bacteria do not. This hypothesis sug- 
gests possible catalytic réles for pyridoxine. Reversible transformation of 
I into II or IV into III might permit function in hydrogen transport. 
Interconversion of II and IV may occur by transamination reactions‘ 
without involving the intermediate III; a réle in biological transaminations 
is thus a possibility. 


The University of Texas, Biochemical Institute, Esmonp E. SNELL 
and the Clayton Foundation for Research 


Austin 
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‘Snell, E. E., Proc. Soc. Exp. Biol. and Med., 61, 356 (1942). 

* Atkin, L., Schultz, A. 8., Williams, W. L., and Frey, C. N., Ind. and Eng. Chem., 
Anal. Ed., 16, 141 (1943). 

* Braunstein, A. E., Enzymologia, 7, 25 (1939). Herbst, M., and Rittenberg, D., 
J. Org. Chem., 8, 380 (1943). 
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THE STRUCTURE AND SYNTHESIS OF PYRIDOXAMINE AND 
PYRIDOXAL 
Sirs: 

Data submitted to us by Dr. E. E. Snell showed that various procedures 
involving amination or oxidation of pyridoxine resulted in substances which 
had much greater activity than pyridoxine itself toward certain lactic acid 
bacteria. His studies indicated that the active product obtained by 
amination was an amine and the one from oxidation an aldehyde, and that 
there were only three possible structures for each of these compounds.' 

As a result of this collaboration with Dr. Snell, we have succeeded in 
synthesizing both an active amine and an active aldehyde, and have 
proved that they are 2-methyl-3-hydroxy-4-aminomethyl-5-hydroxy- 
methylpyridine and 2-methyl-3-hydroxy-4-formyl-5-hydroxymethylpyri- 
dine respectively. The former has been named pyridoxamine and the 
latter pyridoxal." 

Amination of pyridoxine diacetate* yielded an active amine, m.p. 193- 
193.5°. As previous investigations’: * had shown that vitamin Bg and its 
derivatives are very reactive toward substitution on the 4-methylene group, 
we anticipated the formation of the 4-aminomethy] derivative II. The 
best yields of this compound were obtained by the amination of 2-methyl- 
3-hydroxy-4-methoxymethyl-5-hydroxymethylpyridine,? I. The loss of 
the methoxy group also indicated substitution on the 4-methylene position. 


CH:,OCH; CH,NH; CH,OH 
Hoy \cH.OH _ NH; =m HO SCH.OH H Noun. 
I | 120-140° | | 
CH; NZ CH; NZ CH; nN 
I II III 


The isomeric 2-methyl-3-hydroxy-4-hydroxymethyl-5-aminomethylpyr- 
idine III (m.p. 176-178°) was synthesized by converting the 4-methoxy- 
methyl compound I by means of thionyl chloride into the 5-chloromethyl 
derivative, treating this with ammonia, and subjecting the resulting 4- 
methoxymethyl-5-aminomethyl compound to hydrolysis. 

The oxidation of pyridoxine with potassium permanganate yielded an 
aldehyde which was isolated as its oxime; m.p. 225-226°. On decomposi- 
tion of the oxime with nitrous acid and subsequent treatment with ethanol 
and hydrochloric acid, the cyclic acetal IV was obtained. This compound 


' Snell, E. E., J. Biol. Chem., 164, 313 (1944). 
* Harris, 8. A., J. Am. Chem. Soc., 62, 3203 (1940). 
* Harris, 8. A., J. Am. Chem. Soc., 68, 3363 (1941). 
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was easily hydrolyzed to the aldehyde, which may have either of the strue- 
tures V or VI. 


OH 
CH<OC:Hs CHO CH 
4 
=f as rhe af S ca es af ba 
CH, on CHA, 
HCI HCl HCl 
IV Vv vI 


Proof that the formyl] group was in the 4 position was obtained by cataly- 
tic hydrogenation of the oxime to the amine, IT. 

Microbiological assays of these compounds by Dr. Snell demonstrated 
the 5-aminomethyl compound III to be without significant activity. 
2-Methyl-3-hydroxy-4-aminomethyl-5-hydroxymethylpyridine II was 
shown to be the active amination product, pyridoxamine, and 2-methyl-3- 
hydroxy-4-formy]-5-hydroxymethylpyridine V the active oxidation product 
pyridoxal.! 


Research Laboratory Sranton A. Harris 
Merck and Company, Inc. DorotHea HEY. 
Rahway, New Jersey Kari FoLKERS 
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